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Abstract

Conventional 6T SRAM design involves balancing trade-offs among several critical
metrics - yield, power, performance and area. Worsening variation makes scaling the 6T
bitcell to newer technologies and lower supply voltage difficult, especially due to the need
to balance the trade-offs between various metrics. In particular, lowering the SRAM volt-
age for low-power operation, while maintaining functionality, is a challenge. Several solu-
tions have been proposed to ensure continued scaling of SRAM in cutting edge technology
nodes and to keep lowering the minimum SRAM operating voltage (Vyin). These include
circuit solutions such as alternative bitcells and read/write assist techniques, technology
solutions such as new materials and devices, and architectural solutions such as ECC and
redundancy. Exploring this vast design space to zero in on an optimal design that is most
suited to a designer’s requirements thus becomes challenging. This dissertation makes
the following three contributions to ensure continued scaling of SRAM to deep nanoscale

technology nodes and to lower voltages.
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First, we present five and six transistor bitcells that use asymmetric sizing of the cross-
coupled inverter to improve read stability. Further, by removing the restriction of bitcell
symmetry that makes balancing trade-offs in the conventional 6T bitcell challenging, these
bitcells can use sizing as an effective knob to improve stability and to trade-off leakage
power, read performance, writability, and area. An improvement in cell stability ensures
scalability of SRAM to lower voltages for lower power, while maintaining acceptable levels
of functional yield.

Second, due to the DC assumptions of conventional static read and write metrics, they
are either optimistic or pessimistic in predicting cell failure for high performance SRAMs.
The static metrics predict cell failure only by considering variation, while there are several
other factors involved in the dynamics of a write operation that can cause it to fail. So, we
define Dynamic write-limited Vyn (DWVyn) for an SRAM that is based on Twr,_criT, @
dynamic writability metric. DWV)x takes into account several other factors that can cause
write failure and is a more accurate value of the lowest operating voltage for write-limited
SRAMs.

Finally, the burgeoning SRAM design space has led to a designer productivity crisis.
Thus, to improve productivity and enable a rapid and early exploration of the design space,
we propose the Virtual Prototyping tool (ViPro). For any technology, ViPro produces an
optimal base-case prototype of the SRAM, metric trade-off curves, and breakdown among
various components. The designer can then iteratively explore the design space to reach
an optimal final design. The Technology Agnostic Simulation Environment (TASE) com-
ponent of ViPro can in fact be used as a stand-alone tool to port circuit analysis across

technologies. This makes it a useful tool for any kind of circuit design.
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Chapter 1

Introduction

1.1 Background and Motivation

The scaling of integrated circuit technology over the past several decades has been pre-
dicted and driven by Moore’s Law [1], which predicted that the number of transistors on a
chip would continue to double every 18 months. Although technology scaling and the asso-
ciated exponential rise in transistor count has contributed significantly to the improvement
in density and performance of ICs, the complexity of the designs has increased a commen-
surate amount. In turn, this increased design complexity has been exacerbated by a more
significant impact of previously second-order effects that have made IC design and man-
ufacturing profoundly more difficult. The impact of these effects, such as gate-oxide tun-
neling, sub-threshold leakage current, drain-induced-barrier-lowering, process variation,
manufacturing variation, and lithographic limitations, also seem to increase as technology
scales down to the so called “end-of-the-roadmap” fundamental scaling limit.

Static Random Access Memory (SRAM) is a critical component of ICs, and is expected
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to occupy over 90% of the chip area by 2013 [2]. Due to the comparitively higher density
and smaller devices sizes of the SRAM bitcells, the scaling effects make SRAM design
even more challenging than logic circuit design. Moreover, being the largest component in
many embedded digital systems or Systems-on-Chips (SoCs) , SRAM power consumption
dominates the overall power of the system, both in standby and operational modes. Thus,
SRAM power reduction has become an increasingly important problem. Scaling down
the supply voltage of the SRAM is a popular solution for power reduction. However,
there are several challenges facing low-voltage/low-power SRAM design. The following
subsections discuss these issues in detail and elaborate how this dissertation deals with the

challenges of optimal SRAM design in nanoscale technologies.

1.1.1 The Power vs. Functionality Trade-off

Scaling down the supply voltage of the SRAM reduces the dynamic power, as well as
both sub-threshold and gate leakage. Typically, an SRAM is designed to have sufficient
hold, read, and write stability (usually quantified by static noise margins) as well as access
speed under the nominal supply voltage. However, voltage scaling degrades these margins
and reduces the functional yield. Thus there is a trade-off between yield and the power
dissipation or energy consumption of the SRAM. This trade-off can be quantified by the
minimum supply voltage (V) at which the yield is acceptable.

Another important factor that affects the functional yield and consequently the Vyn
of the SRAM is variation. Based on the scale at which it occurs, variation can be classi-
fied into two categories — local and global. On one hand, global variations occur on the

die-to-die scale and systematically or uniformly influence all the transistors on the same
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die. They mainly include the inter-die manufacture related process variations and environ-
mental conditions including voltage supply fluctuations and temperature change (e.g. PVT
variations [3]). On the other hand, local variations such as threshold voltage (V) variation
due to random dopant fluctuation (RDF) occur within a die and cause mismatch between
adjacent devices.

SRAM Vv is extremely sensitive to local variation because of three reasons. First,
to achieve higher density, the SRAM cell uses devices with much smaller geometry (e.g.
width and length) than regular logic gates. RDF induced random V1 variation is normally
distributed with a standard deviation (o) inversely proportional to the square root of the
transistor channel area [4]. Thus, SRAM bitcell transistors have random V- variation with
a larger value of o, consequently increasing the o of the stability metrics/noise margins as
well. Second, SRAM capacities have been scaling up from few hundered KB to a few GB
due to the higher density facilitated by technology scaling. The higher number of samples
makes it quite likely for large variations in SRAM noise margins beyond 60 to occur.
Finally, many SRAM metrics, stability metrics in particular, are susceptible to mismatch
because the SRAM cell typically uses two symmetrical cross-coupled inverters. A small
mismatch between adjacent transistors within the two inverters can lead to a large variation
in the cell’s behavior.

Clearly, improving the cell stability, as well as reducing the impact of variation would
help lower the Vyx, resulting in lower power while maintaining an acceptable functional
yield. In this dissertation, we propose two alternative bitcells that aim to improve the
read/write stability and reduce the variation impact so that lower Vyn can be achieved for

SRAMs in scaled technologies.
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1.1.2 Estimating Vyy

As discussed in the previous section, improving the cell stability and reducing the im-
pact of variation enables lower Vyn and better power savings. However, estimating the
impact of these stability improvements on SRAM Vv is equally important. An under-
estimation of VN causes unacceptable failures while an overestimation results in higher
energy or power consumption. Vyy estimation based on conventional static noise margin
metrics has been proposed [5]. However, static metrics are either pessimistic or optimistic
due to their assumption of DC operating conditions for their evaluation. This is because the
impact of noise on cell stability depends not only on the amplitude of the noise, but also its
duration. The error caused by using static metrics for Vyn prediction can be expected to
be more pronounced as the performance of the memory increases and access times shrink.

Dynamic metrics have been proposed [6][7][8][9] to replace static noise margin metrics
as more accurate measures of cell stability. However, predicting the SRAM V 1y based on
dynamic metrics is as yet unexplored. In this dissertation, we investigate dynamic metrics
for SRAM stability and describe how they can be used to predict the SRAM V) n more

accurately.

1.1.3 SRAM Design Portability to Scaled Technologies

Researchers have proposed several solutions to combat SRAM design challenges, so
that lower Vyy can be achieved. These techniques span the entire range of design abstrac-
tion, starting from fundamental device solutions, to circuit and architectural methods. For
example, at the device level, new technologies such as multi-gate transistors, carbon nan-

otubes, and organic molecular transistors are emerging [10]. An SRAM bitcell based on
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FinFET transistors can offer higher read stability and writability than a conventional planar
SRAM cell due to lower Vr variation [11]. However, these new technologies and devices
are not yet mature and it is quite likely that CMOS technology will continue to be used in
the foreseeable future. Thus, it is important to overcome the scaling challenges of CMOS
technology for SRAM design.

The combination of density, performance, and compatibility with the CMOS logic pro-
cess has made it hard to dislodge the 6T SRAM bitcell as the primary memory element
even in deep nano-scale technologie (e.g. beyond the 45 nm node). To maintain sufficient
stability at lower voltage in the face of increasing variation effects, circuit solutions such as
voltage-bias based read and write assist methods have been proposed [12][13][14]. These
methods fall broadly into two categories — ones that impact the strength of the cross-coupled
inverters in the bitcell and ones that affect the strength of the access transistors [15]. A fun-
damental limitation of the 6T bitcell is that the requirements imposed on the bitcell (e.g.
in terms of device sizes) are contradictory for read and write operations. This makes it
difficult to improve both read and write noise margins simultaneously. Thus, an alternative
approach is to change the structure of the bitcell so that this restriction is removed, en-
abling a simultaneous improvement in both functionalities, and consequently a lower VN
[16][17][18].

Instead of improving the devices and circuits in an SRAM so that failures are mini-
mized and yield is acceptable at low voltage, an alternative approach is to allow the failures
to occur and fix them. Architectural approaches such as using redundant rows, columns
or blocks in an SRAM or using Error Correction Codes (ECC) are an example of such

solutions to SRAM scaling challenges.
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This plethora of techniques to address SRAM scaling challenges such as leakage and
variation has led to a considerably expanded design space. Searching for the optimum
solution to design even one SRAM is becoming increasingly complex. Further, in today’s
IC industry, the growing number of transistors that can now be integrated on a single die has
resulted in an increase in the number of SRAMs that are embedded onto a single die (e.g.
as caches). Traditionally, porting designs from a previous technology was straightforward.
However, due to the problematic effects of the deep nanoscale processes, many previously
used designs and techniques are no longer viable and designs often need to start from
scratch every generation. All these factors have resulted in a designer productivity and
design time crisis.

While one solution is to increase the size of the design teams and have the designers
work at higher levels of abstraction (e.g. manipulating blocks of pre-designed logic gates
rather than individual transistors), this is not sustainable for two reasons. One, it is not
possible for the team size to keep pace with the exponentially increasing transistor count.
Second, increasing the level of design abstraction is difficult in the era of nanoscale process
technologies because the underlying physics of the semiconductors are causing increasing
problems that propagate to the upper levels of the abstraction hierarchy.

In this dissertation, we develop design automation tools and methodologies for SRAM
design. These tools enable a rapid exploration of the burgeoning SRAM design space and

ease design porting to new technologies, thus enhancing designer productivity.
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1.2 Major Contributions

In this thesis, we mainly address the challenges involved in designing an optimal low-
power SRAM in deep nanoscale technologies. First, we present circuit solutions such as
new alternative SRAM bitcells that increase the functinoal margins making it possible to
reduce the Vyn. Second, we present a new methodology that can help estimate the Vyn
with greater accuracy. Third, we present new CAD tools that improve SRAM designer pro-
ductivity and facilitate easier exploration of the design space consisting of several such so-
lutions for lowering SRAM V1 (e.g. alternative bitcells, assist methods, process technol-

ogy improvements etc.). These contributions are elaborated in the following sub-sections.

1.2.1 Alternative Bitcells

We present a 5-transistor and an asymmetric 6-transistor SRAM bitcell. Both bitcells
are based on the concept of asymmetrically sizing the cross-coupled inverters in the bitcell.
We show how sizing can be used as a knob to improve read stability in the 5T, and both
read stability and writability in the asymmetric 6T, while trading-off other metrics such as
performance, area, and leakage as per the design requirements. We present measurement
results from a 45 nm test-chip that demonstrate the functionality of the ST SRAM. Finally,
since both the bitcells are single-ended, we present a single-ended sensing scheme for our

bitcells.
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1.2.2 Dynamic Write-limited Vy;x

We first introduce Twr,—cgrir, @ measure of dynamic writability that takes into account
the impact of factors not considered by static writability metrics. For instance, the WL pulse
width, the parasitic capacitances in the bitcell, and the time of occurence of the first read
after a write, all influence the dynamic writability of the cell, and consequently the Vyn of
the cell. We demonstrate how Ty, crrT can be used to estimate the Dynamic write-limited
Vv (DWVyn) of an SRAM. We then investigate the impact of these dynamic factors on
the DW V) n and show how they cause the actual Vyn of the SRAM to be different from

that predicted in a static manner.

1.2.3 SRAM Design Automation Tools

We present two tools that help automate SRAM design and enhance productivity. Tech-
nology Agnostic Simulation Environment (TASE) helps port groups of simulations that are
tied to the analysis of a particular design from one technology to another. It can be used to
ease circuit simulations for any kind of digital or analog circuit design. The Virtual Pro-
totyping tool (ViPro) generates a base-case starting point SRAM in a new technology and
provides trade-off curves between SRAM metrics such as access time and the energy per
access. ViPro uses TASE to characterize the component circuits of an SRAM to determine
the optimal design parameters (e.g. device sizes) for the SRAM and uses these parameters

to automatically or semi-automatically generate full schematic and layout for the SRAM.
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1.3 Organization

This dissertation is constructed in the following manner. Following the motivation
and background provided in this chapter, chapter 2 describes the first of our alternative
bitcell designs, the five-transistor (5T) bitcell. In this chapter, we introduce the key idea
of asymmetric sizing and how it affects SRAM trade-offs. Chapter 3 describes our second
alternative bitcell design, the asymmetric 6T bitcell. This bitcell builds on the asymmeric
sizing concept used in the 5T, and attempts to address the drawbacks of the ST. Chapter 4
explores single-ended sensing for our proposed bitcells.

In chapter 5, we discuss dynamic writability metrics for SRAM, introduce the concept
of a dynamic write-limited Vygn (DWVyy) for SRAM, and understand the factors that
can impact the DWVyx.

In chapter 6, we switch focus to productivity-enhancing SRAM design automation tools
and methodologies. We discuss the Virtual Prototyper (ViPro) and the Technology Agnos-
tic Simulation Environment (TASE) tools and the SRAM design methodology using these
tools.

Finally, in chapter 7, we summarize the ideas and contributions presented in this thesis

and discuss potential directions for future work.



Chapter 2

Five Transistor SRAM Bitcell

2.1 Motivation

Technology scaling is accompanied by shrinking transistor widths and lengths and a
scaling down of supply voltage. This leads to lowering of noise margins in retention or
hold, as well as during read and write operations. Moreover, as device dimensions shrink,
the effect of inter-die and intra-die variations increases. In particular, shrinking widths and
lengths of transistors increases the variability (e.g. standard deviation) of the distribution
of threshold voltage (V) of the transistors in the bitcell. Consequently, the variability
of noise margins increases [19]. This requires designers to look farther out into the tails
of these distributions for the worst cases and design for these to meet yield requirements.
Ultimately, this leads to conservative and pessimistic designs, which consume more area
and power than necessary, for a majority of the chips produced. Thus, scaling the traditional
six transistor (6T) bitcell to newer technology nodes and to lower voltages is difficult. In

addition, the need to satisfy conflicting requirements on the bitcell for performance, area

10
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and stability, and also for read and write operations, while maintaining symmetry, makes
SRAM design even more challenging.

Alternative bitcells, such as the 8T, that decouple the read and write operations and
eliminate some of the conflicting trade-offs have been proposed [16] and implemented
commercially in processor caches [20][21][22][23]. Alternatively, designers have explored
other options for improving 6T stability, such as read and write assists [14][12][24][25]. In
either case, the ultimate goal is to improve bitcell stability so that lower power operation
can be achieved by reducing the minimum operating voltage (Vyn).

Both these solutions incur an area penalty, while read and write assist methods can
potentially incur power and performance overheads as well. In particular, the 8T bitcell
represents a drastic jump in the stability-area space since it improves the RSNM to be equal
to the HSNM while adding a significant area overhead. Further, certain assist methods can
increase the susceptibility of half-selected cells (e.g. cells whose WL is turned on but BLs
are not selected) to disturbs. Thus, there is a need for a bitcell that can provide better trade-
offs between area, stability, performance, and leakage and bridge the gap between the 6T
and the 8T bitcells to enable a more optimal SRAM design.

In this chapter, we look at a five transistor (5T) bitcell that leverages asymmetric sizing
of the cross-coupled inverters to improve the read stability, which is quantified by Read
Static Noise Margin (RSNM). Further, we see how asymmetric sizing becomes a knob to
trade-off area, read delay, and bitcell standby leakage due to the removal of the symmetry

requirement.
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2.2 Earlier 5T bitcells

Several 5T bitcells have been proposed earlier. In [26], the authors propose a 5T
bitcell (Figure 2.1a) that focuses primarily on saving area and reducing leakage. They use
asymmetric sizing, combined with a intermediate bitline (BL) precharge voltage to solve
the single-ended write problem (discussed later in the chapter) at the cost of degraded
RSNM. Further, this approach is sensitive to variation, which is not investigated in their
work. The 5T bitcell proposed in this work primarily focuses on improving RSNM, while
also using asymmetric sizing as a more generic method to trade-off other critical metrics.
We also investigate the impact of variation through Monte Carlo simulations.

Tran presents a 5T bitcell in [27] which solves the single-ended write issue by using
a write assist method that weakens the feedback of the cross-coupled inverters in the cell
(Figure 2.1b). However, his method requires a long BLs with large number of bitcells per
column in order to ensure the unselected cells are not susceptible to upsets. This in turn
affects performance. In our proposed bitcell, asymmetric sizing can be used to improve
RSNM without comprimising on the performance.

In [28], the authors present a portless ST cell. This cell is fundamentally different
from the ones described so far in that it does not have an access transistor. Instead, the
storage nodes are accessed by the BLs through the PMOS pull-up devices. The sizing of
the AXS transistor (Figure 2.1c) is used as a knob to trade-off performance, stability, and
leakage power with bitcell area. In particular, to achieve similar performance in terms of
read current (Irgap), the 5T bitcell area needs to be about 1.5x a conventional 6T bitcell.
The proposed 5T bitcell with asymmetric sizing can provide better Igxgap and reduced

variability in Iggap for the same area as the 6T.
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Figure 2.1: Previously proposed 5T bitcells (a) [26] (b) [27] (c) [28]

2.3 5T Bitcell Overview

In this section, we look at the key idea behind asymmetric sizing and describe the read
and write operations of the 5T SRAM. We then analyze layout topologies for the ST that can
potentially leverage the area gained by using a lone access transistor. By using different
asymmetric sizing approaches for the cross-coupled inverters, the designer can trade-off

area, stability, read current (Irgap), and cell leakage in different ways.
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2.3.1 Asymmetric Sizing

Fig. 2.2(a) shows the schematic of the proposed 5T bitcell [29], which is simply a
6T missing one access transistor. Read and write accesses are similar to the 6T, except
that they are single ended through the lone access device. If ‘6T-like’ sizing is used (e.g.
Wn1=Wno, Wp1=Wp,), the lower lobe of the resulting read butterfly curve is squashed due
to the voltage-dividing effect of transistors N1-N3 (see Fig. 2.2(b)). The absence of the
second access transistor results in the upper lobe being larger. This lobe is the same as in
the unperturbed hold or retention state. The RSNM of the 5T bitcell is determined by the
smaller lobe of the butterfly curve and equals the side of the square that can be embedded in
this lobe [30]. Thus, in the nominal case, the 6T and the “6T-like” 5T have the same RSNM,

determined by the embedded square in the smaller lower lobe of the butterfly curve.

(@ BL

b
) 5T with “6T-like” sizing
1 ‘ Asymmetric sizing
equalizes lobesto o
‘ increase Read —»
o SNM
0 05 1
QB
Figure 2.2: (a) Bitcell schematic (b) 5T Read Static Noise Margin (RSNM) butterfly curve
with “6T-like” sizing (c) ST RSNM butterfly curve with asymmetric sizing [29].

o 05X __

Now, if the voltage-transfer characteristics (VTCs) of the cross-coupled inverters can

be modified as indicated by the arrows in Fig. 2.2(b), the two lobes become more similar in
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size, as seen in Fig. 2.2(c), leading to an increase in the RSNM of the 5T when compared
to the 6T or the “6T-like” 5T. The skewing of the individual inverter VTCs can be achieved
either by sizing or by using different threshold voltages (V1’s). We use asymmetric sizing
to achieve RSNM improvement since having multiple V1’s increases the cost of fabrication
with each new V1 requiring an additional mask [31]. The cross-coupled inverters in the
bitcell can be made asymmetric by changing the width to length (W/L) ratios as indicated
in Fig. 2.2(a). Depending on the sizing approach used, stability, Ixgap, and cell leakage

can be traded off in different ways, as demonstrated by the examples in Section 2.4.

2.3.2 Read and Write Operations
Read

The ST SRAM bitcell has a single-ended read operation through the lone access transis-
tor, unlike the differential operation in the conventional 6T. This throws up new challenges
pertaining to overall read performance and robustness in the presence of noise on the BL.
Chapter 4 describes the pseudo-differential sensing scheme that is proposed for reading

single-ended cells such as the 5T.

Write

In a conventional 6T, writing ‘0" and ‘1’ are essentially the same operation. Both in-
volve passing a low voltage (e.g. a ‘0’) to the storage node of the cell that originally stores
a high value (e.g. ‘17). Since the NMOS pass-gate is stronger than the PMOS pull-up, this
node gradually discharges. Once it crosses the trip-point of the other inverter, the PMOS

pull-up on the opposite side turns on. Following that, the write completes quickly due to
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the feedback of the inverters hastening the flipping of the cell.

Writing a ‘0’ to the 5T bitcell is not an issue since the NMOS access transistor, N3, can
pass a strong ‘0’. However, due to the absence of the second access transistor, writing a ‘1’
is impossible without a circuit assist since there is no way to discharge the complementary
node storing a ‘1’. N3 by itself cannot be used to complete the write operation since it
cannot pass a strong ‘1’. Moreover, if the sizing approach used strengthens N1, writing
a ‘1’ becomes even more challenging due to the ratioed fight between N3 and N1. The
asymmetric 6T bitcell we proposed in [32] and describe in Chapter 3 exploits the benefits
of asymmetric sizing towards RSNM by giving up on area benefits, to avoid paying a
penalty in terms of writability.

One method of solving the write issue for the 5T is to collapse Vppc [12][24]. As the
timing waveforms in Fig. 2.3 show, collapsing Vppc weakens the cell feedback, enabling
it to flip despite the weak ‘1’ passed by N3. We restore Vppc to full rail before the end of

the WL pulse to ensure completion of the write operation.

BL Vppc restored to full rail befpre
L......endof WL pulse~ ... .. .]

DDC AN

Figure 2.3: Waveforms for Vpp write assist [29].

Vppe can be routed row-wise or column-wise, the latter being more compatible with

conventional bitcell layout. Collapsing Vppc column-wise reduces the HSNM of the un-
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selected cells on the same column (e.g. WL=0). On the other hand, a row-wise Vppc
scheme reduces the stability of the half-selected cells (e.g. WL=1, BLs precharged). Using
a pulsed Vppc scheme maintains a dynamic margin in the half-selected cells higher than
static NM [33]. For row-wise routed Vppc, we can either write the entire row at once (e.g.
no interleaving of words in a row), or use a row-wise read-modify-write approach [13].
Other write assists can be used in conjunction with collapsing Vppc, such as boosting
the WL [34]. This allows for a smaller swing in Vppc while writing, thus reducing the
dynamic power consumption, particularly if the Vppcs for entire columns are lowered.
Section 2.4 demonstrates example ST bitcells where the asymmetric sizing approach used
affects the WNM in different ways. The measurements in section 2.6 further confirm the

effectiveness of the write assists.

2.3.3 ST Layout Topologies

We start with the pushed-rule reference 6T SRAM bitcell (device sizes normalized
to default device length in Table 2.1). For the 45 nm technology that we use, the cell
dimensions and the area are determined by a subset of the pushed design rules, depicted in
Fig. 2.4. These rules are listed in Table 2.2. The width (Xgr) and height (Ygr) of the cell
can be determined by equations (2.1) and (2.2) respectively. Plugging in the values of the
design rules, we get Xgr=18.91, Y¢1=6.55, and a cell area Agr=123.86, which agrees with

the values as measured from the layout.

1 1
Xer = 2(§(TT) + GPA + m(Z[E(WpD, ng) + NP+ Wpy + §(AA)) (2.1)
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Table 2.1: Normalized reference 6T sizing

Device W/L

Pull-up (Wpy/Lpy)  1.27/1

Pull-down (WPD/LPD) 4/1

Pass-gate (Wpa/Lpg) 2.91/1.04

Whg

______________

Figure 2.4: 6T bitcell layout cartoon showing the limiting design rules. Green indicates
active n+ or p+ regions, red indicates polysilicon, yellow indicates contacts, and pink indi-
cates n-well. The dashed line shows the bitcell outline.

Yor = Q(CW) + 4(GO) + mam(LpD, LPU) + Lpag 2.2)

The ST bitcell is L-shaped due to the missing access transistor. This space can poten-
tially be exploited by rotating and mirroring the adjacent bitcell on the same row, so that
the notches overlap and the cells fit together (Fig. 2.5(a)). The N2 transistors of the abutted
cells can be aligned to reduce the effective width of the bitcell. We find that the cell width
can be reduced by 28% compared to the 6T with this topology. However, this increases the
height of the cell due to the ‘AA’ spacing necessary between the two n+ active regions and

an additional contact. The short and wide aspect ratio of the cell implies that increasing
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Table 2.2: Normalized limiting 6T bitcell design rules in a 45 nm technology

Design Rule Symbol Value

Gate to Contact space GC 0.64

Gate past Active GPA 1.27
Gate tip to tip TT 1.31
Contact size Cw 0.98
p+ to p+ space AA 1.24
n+ to p+ space NP 1.64

the height of the cell would have a large impact on the cell area. For a “6T-like” 5T bit-
cell with no asymmetric sizing, we find that this topology results in a cell area of 135.66
(13.62x9.96), which is 10% larger than the reference 6T. Thus, we rule out this topology
for the ST bitcell.

Alternatively, the cell height can be kept unchanged and a small reduction in width
(1.3 units) is obtained in the topology shown in Fig. 2.5(b). This reduction is due to the
fact that the limiting rule on the side of the bitcell without the access transistor is only
the ‘AA’ spacing rather than a combination of ‘%TT’ and ‘GPA’. The cell width for this
topology is given by equation (2.3). We find that the “6T-like” 5T has a cell area of 117.64

(17.96x6.55), a saving of 5%. Further area gains can be achieved in an asymmetric 5T with
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5T cell 2
Net area increase
of 10% per bitcell
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Figure 2.5: Cartoons showing 5T bitcell layout topologies with (a) Increased bitcell height

(b) Same bitcell height as 6T.

areduced Wypo.
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Thus, by sizing the cross-coupled inverters the same as the 6T, the 5T can save area
for the same RSNM and Iggap as the 6T. Alternatively, at iso-area, the ST can have better
RSNM and Iggap through asymmetric sizing, for example, by sizing up the N1 pull-down
transistor. In general, depending on the asymmetric sizing approach used, the 5T can trade-
off metrics such as Iggap and cell leakage in different ways, in addition to improving the

RSNM, as demonstrated in section 2.4.

2.4 Comparison with 6T

The 5T improves RSNM relative to the 6T either by strengthening N1 or P2 relative
to the reference 6T, or by weakening P1 or N2, or by a combination of these approaches.
Apart from a definite increase in RSNM, asymmetric sizing also provides a knob to trade-
off other metrics critical to SRAM, such as area, read current and leakage. The exact sizing
approach determines how these other metrics are traded-off.

In this section, we use five asymmetric ST cells with different sizing approaches (Ta-
ble 2.3) to demonstrate how the 5T can trade-off various metrics in addition to improving
RSNM, giving it the flexibility to target different application needs. These cells use sizing
approaches that target the width, length, or both for each of the transistors in the cross-
coupled inverters. All of these cells have the same bitcell area as the reference 6T cell.
In 5Ta, N2 is weakened by making it minimum width. The area gained is leveraged to
increase Wy;. The width gained due to the missing access transistor allows us to size N1
up further so that the area of the resulting asymmetric 5T is the same as the reference 6T. In
5Tb, the extra area gained is used to increase Lp; and Wy to weaken P1 and strengthen N1

respectively. In 5Tc, P2 is strengthened by increasing its width. In 5Td, N2 is weakened by
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both increasing its length and reducing its width, in addition to widening N1. Finally, 5Te
is the same as 5Ta, with the exception of the access transistor N3, which is sized up. All
these cells have the same area as the reference 6T. The following subsections demonstrate
how the sizing approaches trade-off various metrics differently.

Table 2.3: Normalized bitcell sizing. All cells same area as 6T.

Bitcell P1 P2 N1 N2 N3

STa 1.27/1 1.27/1 7.67/1 1.27/1  2.91/1.04

5Tb  1.27/1.35 1.27/1 6.73/1 4/1 2.91/1.04

STc 1.27/1  495/1 411 1.27/1  2.91/1.04

S5Td 1.27/1 1.27/1 5.45/1 2.54/1.35 2.91/1.04

STe 1.27/1  1.27/1 7.67/1  1.27/1  3.64/1.04

2.4.1 Read margin

Fig. 2.6 shows the mean, standard deviation (sigma) and worst case RSNM at 0.7 V
from a 1000 point Monte Carlo (MC) with the sizing approaches listed in Table 2.3. We
observe that all approaches improve the mean RSNM by different amounts, ranging from
31% for 5Td to 42% for 5Ta. Further, a sizing approach that strengthens the inverter P1-N1
leads to a better improvement in mean RSNM (5Ta,b). This is likely because strengthening
P1-N1 has a more direct impact on the RSNM by strengthening the node that is susceptible
to read disturb. All the sizing techniques also affect other metrics such as Irgap, leakage,
write margin and variation tolerance in different ways, which we will see in the remainder

of this section.



Chapter 2: Five Transistor SRAM Bitcell 23

150 - -
_ B 6T
42% BN I 5Ta

I 5Tb
[l 5Tc

S 100 [ 5Td |

3 [ sTe

=

=2

0

o 50f

; il |

Mean Worstcase Sigma

Figure 2.6: Comparison of the mean, standard deviation, and worst case RSNM of the 5T
and 6T from a 1000 point MC at 0.7 V.

We also note that the sigma of the 5T RSNM distributions is larger than that of the 6T
RSNM. This can be explained as follows. The 6T RSNM is the side of the embedded square
in the smaller of the upper and lower lobes of the butterfly curve. Taking the minimum of
the two values reduces the mean of the resulting distribution and squashes it, reducing its
sigma. The distribution is no longer normal, but long tailed [35]. For the 5T case, one
lobe remains much larger than the other (although asymmetric sizing reduces this gap).
So, the RSNM always corresponds to a single lobe, the lower lobe in Fig 2.2, and remains
normally distributed. Though, the sigma of the distribution is larger than that of the 6T due
to this, we note that for a given bitcell variation, the RSNM butterfly curve lobe for the 5T
is always bigger than the 6T. Thus, the RSNM of the 5T can be no worse than that of the
6T.

For example, the sigma of the upper and lower lobes for the 6T RSNM is 26 mV. The

sigma of the minimum distribution is 20 mV. For 5Ta, the sigma of the larger and smaller
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lobes are 22 mV and 27 mV respectively. The sigma of the RSNM corresponds to that of
the smaller lobe, 27 mV. Though the sigma of the 5T distributions is a larger, we see from
Fig. 2.6 that the 5T still has better worst case RSNM than the 6T for all the asymmetric
sizing approaches.

Finally, the stability of the half-selected cells also improves due to asymmetric sizing.
Moreover, the single-ended nature of the 5T means that there is no read or half-select
stability issue when the data stored is a ‘1°, whereas the half-select problem affects the 6T

irrespective of the data stored.

2.4.2 Read current

A sizing approach that strengthens the read pull-down (N1) also helps increase the
bitcell current during a read (Ixgap). All the cells listed in Table 2.3 except STc have a
stronger N1 compared to the 6T resulting in higher Iggap (Fig. 2.7), and thus faster BL
discharge during a read. Further, widening N1 also reduces the variability of Iggap, and all
the bitcells except STc have a worst case Iggap at least 20% larger than 6T.

Sizing up the access transistor is even more effective at improving Iggap, while not
imposing any extra area penalty. For instance, 5Te has a mean Izgap that is 30% larger
than the 6T, while the other cells improve the Iggap only by 4-6%. For the sizing that we
use, this improvement comes at the expense of only a slightly reduced RSNM benefit in the
worst case, as seen in Fig. 2.6. After a certain point, the RSNM penalty due to the upsized
access transistor will nullify any improvements provided by asymmetric sizing.

Though asymmetric sizing in a 5T can speed up the BL discharge due to the increased

IrgaD, since the cell is single-ended, it is a challenge to translate this into an improvement
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Figure 2.7: Irgap comparison between the 6T and the various 5T bitcells at 0.7 V.

in overall read performance that includes the sensing delay. This is because logic-gate
based full-swing sensing that is conventionally used for single-ended cells such as the 8T,

is slower than differential sensing [36]. We investigate sensing schemes for 5T in chapter 4.

2.4.3 Leakage

The leakage components are the leakage through the pull-up, pull-down, and access
transistors (e.g. bitline leakage). We consider only the subthreshold leakage component
since the gate leakage is negligible for this technology. The 5T bitcell has data dependent
leakage due to asymmetric sizing of the cross-coupled inverters. Note that there is no bitline
leakage when storing a ‘1’. Also the leakage through one pull-up (or pull-down) can be
different from that through the other depending on the sizing used. Fig. 2.8 shows the cell
leakage across Vpp for the 5Tc bitcell. We observe that the average leakage of the cell is

lower than that of the 6T across the voltage range. For this 5T bitcell, the leakage through
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P2 is 44% higher than that through P1 due to the larger width of P2.
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Figure 2.8: Total standby leakage for 5Tc. The leakage when storing a ‘0’ is different from
that when storing a ‘1°.

Fig. 2.9 plots the leakage for the 5T and 6T cells at 0.7 V. We observe that for different
sizing approaches, the leakage is higher for different data. For example, the leakage when
storing ‘1’ is higher for 5Ta than when storing a ‘0’, while the opposite occurs for STc.

However, for all sizing approaches, the 5T leakage is lower than the 6T for both ‘0’ and

‘1.

2.4.4 Hold margin

To improve RSNM, asymmetric sizing of the cross-coupled inverters attempts to equal-
ize the size of the butterfly curve lobes during read, as observed in Fig. 2.2. However, this
skews the initially symmetric lobes of the curve during hold. Consequently, the HSNM
of the 5T bitcell, as measured by the Seevinck method, degrades when compared to the

6T. However, as observed in Fig. 2.10, this degradation is minimal, with the mean HSNM
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Figure 2.9: Leakage comparison between the 6T and the various 5T bitcells at 0.7 V.

degrading not more than 2% for the bitcells compared. Further, the worst case HSNM can
actually improve with certain sizing approaches due to a reduction in the variability. For

instance, we observe that the worst case HSNM improves by 7% for 5Tc and 4% for 5Td.
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Figure 2.10: Comparison of the mean, standard deviation, and worst case HSNM of the 5T
and 6T from a 1000 point MC at 0.7 V.
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2.4.5 Write margin

The main drawback of the 5T bitcell is an inferior write margin due to the difficulty in
writing a ‘1°. This can be rectified using write assists as seen in section 2.3.2. Fig. 2.11
shows the mean and sigma of the write margin for the 5T and 6T bitcells at 0.7 V. We
measure the write margin by dc sweeping the WL voltage, with the BL held high, and the
cell initially storing a zero. For all the 5T cells, we use a Vpp droop of 0.25 V, and a WL
boosted by 0.2 V. The 6T cell is written without any assist. The difference between the
boosted WL voltage and the cross point of the storage nodes is the write margin [37]. We

observe that with sufficient write assist voltage bias, write margin can be recovered for all

the 5T bitcells.
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Figure 2.11: Comparison of the mean, standard deviation, and worst case WNM of the 5T
and 6T from a 1000 point MC at 0.7 V.

The amount of write margin recovered through assist methods again varies with the
asymmetric sizing approach used. For example, we see that 5Td has better mean and worst

case write margin than the remaining ST bitcells. This is because the cell is sized so that
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N1 is not strengthened as much with respect to N3 as in the other cells, except 5Tc. At the
same time, the trip point of P2-N2 is much lower for 5Td than 5Tc, meaning that it trips

faster.

2.5 Comparison with 8T

The 8T bitcell (Fig. 2.12) adds a two transistor read stack to eliminate read disturb,
which makes the 8T RSNM equal to the HSNM. Further, by sizing up the read stack and
using short local bitlines, the 8T can provide high performance even though the sensing is
single-ended. Due to its high stability and performance, especially at lower voltages, 8T
SRAM has become a popular choice for lower-level caches in recent processor implemen-

tations [21][22][23].

WWL WWL RWL
. -1 .
ﬂ J_|—
RPG
—Oq——'ﬁ RPD
WBL WBLB RBL

Figure 2.12: 8T bitcell schematic.

The drawback of the 8T is the area overhead, with the bitcell about 30% larger than
the 6T. However, the macro area penalty is only about 7% for equal performance [16].
Further, the separate read port does not help eliminate read disturb for half-selected cells
(e.g. WWL on, WBL and WBLB precharged high in Fig. 2.12) during a write operation.

This is worked around either by not using column-multiplexing (e.g. [16]) or by using a
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write-back scheme (e.g. [25]). The first solution makes the 8T SRAM susceptible to soft
errors due to particle strikes, while the latter adds area, performance and power overhead.
In this section, we compare our proposed ST to the 8T. For this comparison, we consider
two 8T cells (Table 2.4). The first, 8Ty~ 1s composed of all minimum-sized devices. The
second, 8Tpiq has a read stack that is sized up similar to the drive and access transistors

for the reference 6T cell in Table 2.1.

Table 2.4: Normalized 8T sizing

8TMIN 8TBIG

Pull-up (Wpu/Lpy) 1.27/1 1.27/1
Pull-down (Wpp/Lpp) 1.271 1.271
Pass-gate (Wpg/Lpg) 1.27/1.04 1.27/1.04

Read Pull-down (Wgpp/Lrpp) 1.27/1 4/1

Read Pass-gate (Wgrpa/Lrpa) 1.27/1.04 2.91/1.04

Fig. 2.13 shows the layout cartoon of the 8T bitcell. Using the same pushed rules as
the reference 6T, described in section 2.2, the width of the 8T, Xg7, can be estimated from
equation (2.4), where X4 refers to the width of the 6T portion of the bitcell, as estimated
using equation (2.1). The height of the cell remains the same. 8Ty has a width of 21.31,
resulting in a 13% bitcell area overhead. 8Tpig has a width of 24.04, resulting in a 27%

overhead.



Chapter 2: Five Transistor SRAM Bitcell 31

Figure 2.13: 8T bitcell layout cartoon.

XgT = XﬁT + max(AA, 2.GPA + TT) + max(WRpD, WRpg) (24)

We start with the bitcell 5Ta and size up N1 so that it is the same area as the 8T bitcells.
We also consider a sizing that results in an intermediate cell with an area overhead less
than 8Tyyn. Also, we can size up the access transistor with no area penalty to further
improve Iggap (e.g. similar to 5Te), with a slight reduction of the RSNM gains as seen in
section 2.4.1.

Fig. 2.14(a) shows the worst case Iggap out of 1000 Monte Carlo iterations for the
1s0-6T, is0-8T and intermediate 5T cells, relative to the worst case of the reference 6T
bitcell. We observe that the proposed 5T can be sized to have a larger Igxgap than either
the 6T or 8T for the same area. For instance, if N3 is sized up as in the 5Te bitcell, the
worst case Iggap for the ST is 1.5x larger than that of 8Tg;g. Since the 8T and ST are
both single-ended, this translates to a superior overall read performance for a given sensing
scheme. Fig. 2.14(b) shows the worst case RSNM out of 1000 Monte Carlo iterations for

the different bitcells. The RSNM of the 5T is lower than that of the 8T, whose RSNM is
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the same as its HSNM, but higher than that of the 6T. For instance, the worst case RSNM

of the 5T that has the same area as 8Ty is 2x that of the 6T, but less than half that of

8TgiG.
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Figure 2.14: (a) Igxgap and (b) RSNM comparison for iso-area 5T and 8T cells at 0.7 V
from a 1000 MC simulation.

We observe that a ST bitcell of intermediate area between a 6T and a 8T (6% larger
than the 6T) can still have better Igxgap than the smallest possible 8T cell (e.g. 8Tyin)
and an RSNM 50% larger than the 6T. Further, during a write-operation, the RSNM of
the half-selected 8T cells is worse than even that of the reference 6T since the pull-down
transistors are sized down. Asymmetric sizing ensures that the 5T bitcell is much more
robust to half-select read disturb than the 8T bitcell during a write operation. In summary,
the 5T can be a high performance intermediate alternative between the 6T and 8T bitcells,

especially in technologies where the SRAM V) is read-limited.
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2.6 45nm Test Chip

2.6.1 Description of Structures

A bulk CMOS test chip in a commercial 45nm technology was implemented. Fig. 2.15
shows the die photo. Two 16 kb 5T arrays , divided into 4 kb banks, each with a different
asymmetric sizing scheme were fabricated along with a 16 kb conventional 6T array for
reference. The main purpose of the test chip was to verify functionality of the 5T SRAM
on silicon rather than targeting specific performance or power values.

The two 5T structures have bitcells with different asymmetric sizing approaches to
exercise the SRAM metric trade-offs differently. The bitcell in bank 5T1 has N1 and P2
wider than N2 and P1 respectively, which strengthens inverter P1-N1 in Fig. 2.2. Bank 5T2
has N2 and P1 longer than N1 and P2 respectively, which weakens inverter P2-N2. Both
banks have 128 cells per BL and the whole row is written or read at once (e.g. there is no
column-muxing).

Fig. 2.16 shows the schematic of a 4 kb 5T block on the chip. A transmission gate
multiplexer is used to switch between the normal and low cell voltage levels (Vppnom and
VppL respectively). The WL voltage (Vppwr) is also separate to allow various terminal
voltages to be set independently. To simplify testing, the voltage supplies are all provided
externally, rather than generated internally.

To read the single-ended 5T bitcell, a full-swing scheme with an inverter is used to
‘sense’ the BL, but other single ended sensing mechanisms, such as the pseudo-differential
technique discussed in chapter 4, or the non-strobed regenerative SA [38] can be used to

improve read speed.
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Figure 2.15: 45 nm bulk CMOS 5T test chip [29]
2.6.2 Measurements

To verify the improvement in the RSNM for the 5T over the 6T, we attempted to com-
pare the read failures at lower voltages. However, both the 5T and 6T read correctly down
to 0.5 V, where pad ring issues limit further measurement. The reason both bitcells were
robust to such a low voltage is possibly due to the upsizing of the transistors to meet logic
design rules since we were not permitted to push the rules, as is the norm. Nevertheless,
this measurement confirms a robust read operation for the 5T at lower voltages.

The next focus of the measurements was to verify if sufficient writability can be re-
covered for the 5T through various circuit asssist techniques. Simply collapsing Vppc
can help recover the writability of the 5T. For instance, Fig. 2.17 shows that the 5T has full
functionality at the nominal voltage of 1 V by using a drooped cell voltage during the write.

Next, we measured the impact of the sizing approach on the effectiveness of the write
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Figure 2.16: Schematic of 4 kb 5T block with write assist implementation [29].

assist. We write all ‘0’ and all ‘1’ patterns to each row of a 4 kb array by collapsing
cell voltage from 1 V to different values (Vppr,). We then read each row back at 1 V and
determine the number of failed writes (Fig. 2.18). We observe that longer N2 and P1 (sizing
2) result in better write-ability (e.g. lower number of erroneous bits) than using wider N1
and P2 (sizing 1). This is because a wider N1 makes it harder for the access transistor to
overcome the pull-down to write a ‘1’. This is an example of how a different asymmetric
sizing approach can lead to a different trade-off in an SRAM metric, WNM in this case.
Using multiple write assists in conjunction further improves writability of the ST. For
instance boosting the WL voltage in addition to collapsing Vppc during the write enables
the cell to be written with a smaller drop in Vppc. As Fig. 2.19 shows, when the WL is
boosted to 1.2 V, a collapsed Vppc value of 0.75 V is required to write the array with no
errors. With no WL boost, the Vppc needs to be dropped to 0.6 V to write with no errors.

Finally, we studied how well the write assists work at lower voltages. For this, we
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Figure 2.17: Measured logic analyzer waveforms showing (a) write and (b) read operations
at 1V.

measured the total bit error rate when writing the SRAM at lower voltages. Fig. 2.20 shows
the error rate for the 5T and 6T arrays as voltage is scaled. With the help of WL boost of
20% of Vpp and Vppc collapse to 50% of Vpp, the ST demonstrates similar writability to

the 6T up to 0.7 V.
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Figure 2.18: Impact of asymmetric sizing on write assist effectiveness. Measurements from

a 4 kb array for each sizing are shown. Bit error rate is the number of observed bit fails
divided by the size of the array.
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Figure 2.19: Measurements from a 4kb bank showing the use of multiple write assists to
improve writability.

2.7 Conclusions

A 5T bitcell that provides improved read stability compared to 6T has been presented.

By using asymmetric sizing as a knob, different metrics can be traded-off more effectively.
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Figure 2.20: Measured bit errors for 4 kb 6T and 5T banks with write assist across voltage.

This enables the 5T to be a good intermediate candidate in the design space between the
6T and the 8T. Measurements from a test chip have demonstrated a functioning ST SRAM.
However, the main drawback of the 5T is its inferior WNM inspite of the write assists which
make it unsuitable for near threshold voltages. Another drawback is the absence of a fast
sensing scheme for single-ended bitcells that can exploit the potentially higher Iggap of the
ST bitcell. The asymmetric 6T bitcell and pseudo-differential sensing schemes presented

in the next two chapters attempt to address these drawbacks.
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Asymmetric Six Transistor Bitcell

3.1 Motivation

The ST bitcell described in the previous chapter provides flexibility in trading-off sev-
eral SRAM metrics at the cost of degraded WNM. Though writability can be partially
recovered through write assists, it still imposes a limitation on the 5T, especially in write-
limited process technologies. In this chapter, we propose an asymmetric 6T bitcell that
gives up a potential area advantage to recover and improve writability over the 6T using a

two-phase reset and write operation.

3.2 Related Work

An asymmetric 6T with a single word-line (WL) was proposed in [39] that improves
both RSNM and WNM at the cost of area. This cell is highly susceptible to half-select

related failures. The authors overcome this problem by using a fine-grained bitline seg-

39
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mentation scheme, which ensures that the disturb period is small. Thus the probability of
an upset reduces. However, this scheme affects the area efficiency of the array due to the
increased number of local write and read circuits. The asymmetric 6T that we propose has
dual word lines that ensure that the RSNM for all disturbed cells during a read is improved

relative to an iso-area symmetric 6T.

WL

~IPreWrite T Vip

QB ID-’ Q BL
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Figure 3.1: 5T with reset transistor [40].

The two-phase reset and write operation used in the proposed bitcell is similar to the
method used in [40]. Fig. 3.1 shows their bitcell, which is essentially a ST with a sixth
transistor used to first reset the complementary storage node QB to ‘0’, which writes a ‘1’
to the cell. A single-ended write operation then follows to write ‘O’s to the required cells.
However, we can observe that with this implementation of the reset operation, all the cells
in a row need to be reset at once. It also does not use asymmetric sizing, thus failing to
capitalize on the RSNM benefits of asymmetric sizing, that we have explored in depth in the
previous chapter. We modify their scheme so that the cell reset can be performed without

having to reset the entire row, while simultaneously exploiting the benefits of asymmetric
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sizing.
In the remainder of this chapter, we describe the proposed asymmetric 6T bitcell and
compare it with the conventional 6T. In chapter 4, we explore single-ended sensing for the

two bitcells proposed in this dissertation.

3.3 Dual WL Asymmetric 6T Bitcell

The asymmetric 6T bitcell has two key features. First, the writability is regained not
through assist methods such as Vppc droop or WL boosting as in the 5T, but using a two
phase reset and write operation. Second, the same asymmetric sizing idea is exploited
that was described for the 5T in the preceeding chapter. However, the reinstatement of the
sixth transistor implies that the flexibility in trade-offs due to asymmetric sizing is reduced.
This is because we want to keep the area of the bitcell the same as the reference 6T. The
following sub-sections describe these two key ideas and the sizing of the bitcell that allows
the exploitation of these ideas while keeping the same area as the conventional 6T reference

cell.

3.3.1 Improving WNM and RSNM

Fig. 3.2 shows a generalized version of our proposed asymmetric 6T bitcell. The
gate of the reset transistor, NR, is controlled by RSTG and the source by RSTS. RSTS
is precharged high and RSTG is held low. As shown in the timing diagram in Fig. 3.3,
before a write, RSTS pulses low and RSTG pulses high and thus resets the cell to a 1.

RSTG and RSTS can be shared row-wise and column-wise, respectively, or vice-versa,
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and activated only for those rows and columns in the array that contain the accessed cell

(see Fig. 3.3). This eliminates the need to reset an entire row.
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Figure 3.2: Proposed cell reset scheme.
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Figure 3.3: Timing diagram for cell reset and write.

If RSTG and RSTS are routed as shown in Fig. 3.4(a), the cells on the same column as
the accessed cell are in a half-selected state during the reset operation. On the other hand,

the cells on the same row as the accessed cell are in a half-selected state, if the reset signals
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are routed as shown in Fig. 3.4(b). The routing method chosen does not affect the write
functionality, and it still happens in two phases as described earlier. However, it has an

impact on the area of the cell as we will discuss in the section 3.3.3.

(@) RSTGO=‘1" RSTG1 =0
Accessg(_:l_:____

RSTS0 = ‘04

RSTS1=°1

l:Half-sele:cted
(b) RSTSO0 = 0’ RSTS1 = 1’

Accessed
RSTGO = ‘1’'F = Half-selected

RSTG1 =40

Figure 3.4: Options to share RSTG and RSTS for the reset transistor (a) column-wise and
row-wise (b) row-wise and column-wise respectively.

Now that the writability is recovered through the reset operation without the need for
an assist method, we can introduce asymmetric sizing in the cross-coupled inverters to
improve RSNM and trade-off other SRAM metrics as for the 5T. Since it is possible to
achieve a considerable improvement in RSNM (e.g. 42% for the 5Ta bitcell), we trade-off
some of this improvement to instead improve the WNM. We do this by upsizing the access
and reset transistors. In particular, upsizing the reset transistor is necessary to reduce the
duration of disturbance to half-selected cells during the reset operation, since asymmetric

sizing makes this end of the cell susceptible to upsets, as discussed in section 3.4.3.
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3.3.2 Routing the Reset Signals

As described previously, there are two options to route the signals that control the reset
transistor. The scheme in Fig. 3.4(a) increases the area of the cell even if we choose the
same device sizes as the conventional 6T. This is because the RSTG contact that is anal-
ogous to a WL contact in the conventional 6T cannot be shared with an adjacent cell on
the same row, as in the conventional 6T. Similarly the RSTS contact that is analogous to a
BLB contact cannot be shared with an adjacent cell in the same column. This increases the
bitcell width and height by the minimum distance that needs to be maintained between two

polysilicon and diffusion regions (0w and dh respectively in Fig. 3.5).
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Figure 3.5: Layout cartoon for asymmetric 6T with RSTG and RSTS routed column-wise
and row-wise respectively.

We selected the scheme in Fig. 3.4(b), which enables the RSTG and RSTS nodes to
be shared similar to a WL and BL respectively, as in a conventional 6T. As the schematic
in Fig. 3.6 shows, we rename the nodes RSTG and RSTS to WLR and BLR respectively,

since they are routed similar to a WL and BL of a conventional 6T. In the remainder of this



Chapter 3: Asymmetric Six Transistor Bitcell 45

chapter, this is the schematic we will refer to for the asymmetric 6T. In the next sub-section,
we discuss how this bitcell is sized for the same area as the conventional 6T bitcell.

VDD

wL [C ] WLR

Strong S e < =l Weak

Figure 3.6: Asymmetric 6T schematic.

3.3.3 Sizing for Iso-area

Fig. 3.7 shows the layout of a conventional 6T bitcell and our asymmetric 6T. We did
not change the lengths of any transistors since the commercial sub-45nm technology that
we used did not allow it. Thus, the height of the two cells remains the same. For the
conventional 6T, N1 and N2, P1 and P2, NA and NR in Fig. 3.6 are identically sized.
We make the following changes to implement the asymmetric bitcell. First, we make the
inverter P1-N1 n-strong by increasing Wy relative to the reference 6T. We also size up the
access transistor NA but keep it smaller than N1. Next, we reduce Wy to the minimum
width, which makes P2-N2 p-strong. This skewing of the cross-coupled inverters improves
the RSNM. Finally, we increase Wyp so that the reset pulse can be of short duration. Wyg
1s increased so that the width of the cell doesnt exceed the width of the reference 6T, thus

ensuring that the area of our cell is the same as the reference 6T.
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Figure 3.7: Layout cartoons with normalized device widths for (a) conventional (b) asym-
metric 6T bitcells.

3.4 Comparison with 6T

In this section, we compare the asymmetric 6T with the conventional one in terms of

RSNM, WNM, half-select stability, [rgap, and bitcell leakage.
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3.4.1 Noise Margins and Vyy

Fig. 3.8 shows simulation results in a commercial sub-45 nm technology for the mean
RSNM and WNM of our bitcell and the conventional 6T. The margins are calculated using
the butterfly curve method and the WL sweeping method, as was done for the 5ST. We
observe that the mean values of both read and write noise margins improve across different
process corners and also at a lower voltage (e.g. 0.7 V). The mean RSNM improvement
ranges from 10% (at SS, 1 V) to 22% (at FF/SS 0.7 V), while the WNM improvement
ranges from 2% (at SS, 0.7 V) to 29% (FF, 1 V). Note that this improvement is obtained

for the same bitcell area as the conventional 6T.
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Figure 3.8: Normalized Mean (a) RSNM and (b) WNM. The circular and the square mark-
ers represent the asymmetric cell and the conventional 6T respectively.

Sizing up the access transistors has the additional benefit of reducing the variability of
the WNM. As Fig. 3.9 shows, the o/p of the WNM is lower than that of the conventional
6T across different process corners and voltages, with a reduction of 36% at the FF corner,
for the write ‘0 case at 1V. The variability of the RSNM increases, but the worst case
RSNM for the asymmetric 6T is still better due to the same reasons discussed for the 5T in

section 2.4.1.
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Figure 3.9: Normalized o/p of WNM at (a) 1 V and (b) 0.7 V at various process corners
and voltages from a 1000 point MC simulation. The circular and the square markers repre-
sent the asymmetric cell and the conventional 6T respectively. The solid and dashed lines
represent the write ‘0 and ‘1 cases respectively.

The larger noise margins result in a smaller Vy;n for our cell. We define the Read
(Write) Vyn for a bitcell as the minimum Vpp at which the cell can read (write) success-
fully. The Read (Write) Vyn for an array is the maximum of the bitcell Read (Write)
Vumin. For a 1000 sample Monte Carlo simulation, we find the Read Vy;n for the asym-
metric 6T to be 21.5% smaller and the Write Vyn to be 4% smaller than the conventional

6T at the TT process corner.

34.2 IREAD

The wider pull-down and access transistors lead to an increase in read current. The
mean read current increases roughly by 50% for the sizes chosen in our implementation. In
addition, the variability of the read current in terms of o/p also reduces by 40% due to the
larger access devices. This is a significant benefit when designing large memories, since the
designer needs to look farther out in the tail of the distribution. However, this improvement

in read current can be translated to a corresponding improvement in total read delay only
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if a single-ended sensing scheme that has a comparable performance to differential sensing

is used. We propose such a sensing scheme in chapter 4.

3.4.3 Half-select Stability

The stability of half-selected cells is reduced when compared to an unaccessed cell,
both during read and write. An asymmetric 6T cell with similar sizing but a single WL
has a worse half-select RSNM during both read and write. Fig. 3.10 shows the half-select
state during read and write for both these bitcells. For both the asymmetric cells, due to the
skewed sizes, the half-cell not involved in the read (e.g. P2-N2-NR in our case) is weaker
than the half-cell of the conventional 6T, and is more susceptible to flipping. However, with
the dual word-line scheme, NR is turned off during a read and the half-select RSNM is the
RSNM of the stronger side (e.g. P1-N1-NA). Thus we reduce the half-select issue during a
read when compared to a single-WL asymmetric cell as well as a conventional 6T.

As shown by the distributions in Fig. 3.11, the mean RSNM for half-selected cells
during read improves by 18% under nominal operating conditions. The spread of the dis-
tribution increases, but the RSNM of the asymmetric 6T is always greater than that of the
conventional 6T, as explained in section 2.4.1.

However, as Fig. 3.10 shows, the problem still remains during reset. We can get around
the half-select problem by writing the entire row or by using a read-modify-write tech-
nique [13]. Thus an alternative implementation of our proposed bitcell would involve us-
ing a single WL, while keeping the same device sizes, and use one of the above approaches
to solve the half-select issue. Another solution would be to make NR weaker by using a

higher V1 device or by reducing its width. Since the half-cell P2-N2-NR is already sized
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BL = Vpp BLR = Vyp
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WL=0 WLFI Voo
BL = Vp, BLR =V,

During Reset

Figure 3.10: Half-selected cell for (a) single WL and (b) dual WL asymmetric 6T.

for write, we need not make NR as wide as NA. While this would also reduce the cell area,
we chose not to do this since it would reduce the gains in write margin for the write ‘1’

case and worsen the impact of variation.

3.4.4 Bitcell Leakage

Fig. 3.12 shows the leakage of the asymmetric 6T and the conventional 6T versus the
supply voltage. Similar to the 5T, asymmetry causes the cell leakage to be data dependent.
Compared to the leakage of the ST (section 2.4.3), the asymmetric 6T leakage is higher due

to an additional BL leakage component through the reset transistor. However, the average
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Figure 3.11: Half-select cell RSNM during read for conventional 6T, and asymmetric 6T
at 1V, TT, and 27°C from a 1000 point MC simulation.

leakage of the asymmetric cell is nearly the same as that of the conventional 6T at any
particular voltage. Moreover, the increased robustness of the asymmetric 6T cell enables
a lower Vyun, which implies that the asymmetric 6T array would have a lower standby
leakage than a conventional 6T array when operating under Vyn conditions. We further
observe that the leakage of a cell storing ‘0’ is less than that of the conventional 6T by
10-15%, due to the smaller size of the leaking pull-down (N2). Since SRAM caches tend
to store more number of Os than 1s [41], the leakage power of the asymmetric 6T array at a

given operating voltage could potentially be less than that of a conventional 6T.

3.5 Comparison with 8T

In chapter 2, we saw how the 5T bitcell can be an intermediate point in the design space
between the conventional 6T and the 8T in terms of performance (e.g. Ixgap) and stability

(e.g. RSNM). Since the asymmetric 6T is based on the same concepts of RSNM improve-
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Figure 3.12: Standby cell leakage for conventional and asymmetric 6T.

ment and flexible trade-offs using asymmetric sizing, we can expect the asymmetric 6T to
play a similar role as the 5T in the SRAM design space.

However, restoring the sixth transistor means that the extent of asymmetric sizing is
reduced compared to the 5T if the same area is to be maintained as the conventional 6T or
the 8T. On the other hand, the WNM is now improved compared to the conventional 6T
and the 5T. Thus, compared to the 5T, the asymmetric 6T is a more balanced intermediate
design point between the conventional 6T and the 8T. In other words, for the same bitcell
area, the stability (e.g. both RSNM and WNM) and the performance (e.g. Irxgap) can all
be improved when compared to the 6T, but the RSNM and the Iggap can be improved to a

lesser extent when compared to the 5T.
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3.6 Test Chip

A test chip in a sub-45nm CMOS technology was fabricated to test the asymmetric
6T SRAM and the pseudo-differential sensing scheme. The chip comprised three SRAM
macros —a 128x64 asymmetric 6T, a 64x64 conventional 6T, and a 128x64 conventional 6T,
all with iso-area logic rule compliant bitcells. The asymmetric 6T macros uses the pseudo-
differntial sensing scheme and also has chicken switches to use a fixed external voltage
reference instead. The conventional 6T SRAMs use gate-input differential voltage SAs.
While the 64x64 6T has the same number of bitcells per discharging BL as the asymmetric
6T (e.g. either the top or bottom half), the 128x64 has the same total number of cells per
BL. The test chip has been available for wafer testing since Spring 2011. However, due to

logistical issues it has not been tested yet.

3.7 Conclusions

We have presented an asymmetric 6T bitcell that has higher RSNM and WNM than the
conventional 6T for the same bitcell area, and reduced variability in WNM. In addition,
it provides higher Iggap with lower variability. This comes at the cost of reduced trade-
off flexibility compared to the 5T, due to the restoration of the sixth transistor. However,
improvement in RSNM, WNM and Iggap means that the asymmetric 6T is a more balanced
intermediate bitcell between the conventional 6T and the 8T in the SRAM design space,
when compared to the 5T.

Finally, improving only the Iggap may not sufficient to improve read performance,

since it also depends on the sensing scheme used. In the next chapter, we propose a sens-
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ing scheme that provides comparable overall read performance as conventional differential

sensing.



Chapter 4

Pseudo-differential Sensing for

Single-ended Bitcells

4.1 Motivation and Related Work

The alternative bitcells proposed in the previous two chapters require a fast single-
ended sensing scheme to leverage the improvement in Igxgap. Conventional single-ended
sensing employs a hierarchical bit line structure with full-swing sensing as seen in recently
proposed SRAMs in processor caches [21][22][23]. By using short local BLs and multiple
sensing circuits periodically inserted in the array, this method trades-off macro area (e.g.
20-30% in [16], 8.5% in [25]) for improved performance and lower power. If the designer
is willing to sacrifice macro area, hierarchical full-swing sensing is the clear choice for

the 5T as well. Higher Igxgap can also enable larger number of bitcells per column, thus
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reducing the macro area penalty imposed by a hierarchical BL structure.

However, if sacrificing some area efficiency is not an option, an alternative single-ended
sensing scheme is required. Thus, we propose a pseudo-differential sensing scheme for
single-ended bitcells like the ST and the asymmetric 6T. Similar schemes were proposed
for single-ended register files [42] and for DRAM cells [43]. In this chapter, we describe

our single-ended sensing scheme and analyze its pros and cons.

4.2 Pseudo-differential sensing

4.2.1 Overview

Fig 4.1(a) shows our sensing scheme. A differential SA is placed in the middle of the
array, with each input of the SA connected to one half of the array. Weaker reference cells
on either side help perform a pseudo-differential sensing.

The sensing works as follows. Without loss of generality, we assume that the cell being
read is in the top half of the array. The WL of the accessed row is activated, along with
the WL of the reference row on the opposite side of the SA. If the cell being read stores
a zero, it discharges the corresponding BL faster than the reference cell, as shown by the
curve marked ‘0’ access in Fig. 4.2. On the other hand, if the cell being read stores a high
value, the BL does not discharge, as indicated by the curve marked ‘1’ access in the figure.
The reference cell on the other side discharges as before. Thus, an appropriate differential
is developed, which is quickly resolved by the SA. Note that the output of the SA would
need to be inverted if the accessed cell was in the other half of the array.

The reference bitcells in this scheme have lower Iggap than the actual bitcells. This
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Figure 4.1: Column schematics for (a) ST with pseudo-differential sensing and (b) 6T with
differential sensing.

can be accomplished by designing a separate weaker cell, or by lowering the WL voltage
of the reference row [32]. We use the latter option in this work. Since only two reference
rows are required for the whole array, we consider the macro area overhead imposed by
them to be negligible.

The authors in [26] also use a pseudo-differential sensing scheme for their 5T SRAM.
However, it differs from our scheme in that they do not require an explicit reference cell
since the BLs are not precharged to the full rail value. Consequently, the BL. connected
to the accessed cell either charges or discharges relative to this reference BL precharge

voltage, thus providing the necessary differential for the SA. In our scheme, a reference
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Voo ‘1’ access

Figure 4.2: Bitline discharge cartoon for pseudo-differential sensing. AV1 and AVO rep-
resent the BL voltage differential developed for reading ‘1’ and ‘0’ respectively.

cell with lower Irgap i1s needed to sense a “1°.

4.2.2 Pros and Cons

For the same total number of bitcells in the column, such a scheme roughly halves the
BL capacitance compared to conventional 6T differential sensing. Combined with higher
Irgap of the 5T cell due to asymmetric sizing, this scheme can compensate for the addi-
tional BL discharge that a pseudo-differential sensing scheme requires.

The main drawback of the pseudo-differential scheme is the increased susceptibility to
variation due to the reference cell (see section 4.3). Also, with the data input and output
now located in the center of the array, driving data in and out becomes a challenge. This
can be overcome either by using higher layer metals to route the final data, or by routing
the data laterally, with an area penalty that increases with word size.

In general, single-ended sensing is slower than differential sensing and more susceptible
to noise on the BL due to the absence of the common mode noise rejection. However, this
is beginning to change due to the increasing impact of BL leakage. In [36], the authors
compare single-ended and differential sensing for symmetric and asymmetric cells under

different leakage scenarios. They demonstrate that though single-ended sensing is slower,
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high BL leakage and using asymmetric cells shrinks this gap. Another reason that can
contribute to speeding up single-ended sensing is the absence of an external SA strobe and
the variability associated with it. Thus, with technology scaling and increasing leakage and
variation impact, it is conceivable that single-ended sensing can catch up with differential
sensing.

A non-strobed regenerative SA was proposed in [38]. The absence of a strobe and
implicit offset cancellation enables this SA to have a better worst case read access time
than the differential SA and this is could conceivably be used for reading the 5T. In this
work, we restrict our comparison to the pseudo-differential scheme as having the same SA

in either case makes a fair comparison of read speed easier.

4.3 Impact of Variation

In this section we look at the impact of variation on the pseudo-differential sensing
scheme, using the example of the asymmetric 6T. The impact is expected to be similar for
the 5T as well.

Since the reference voltage depends on the Izpap of the reference cell, variation in
this cell, as well as bitline leakage, can cause the distributions of the SA input voltages to
overlap. This leads a ‘0’ and ‘1’ to be indistinguishable. In conventional sensing on the
other hand, the variability of the reference voltage is only due to bitline leakage. Fig. 4.3
shows the distributions of the SA inputs (IN and INB in Fig. 4.1), for a fixed WL pulse,
and fixed reference voltage for pseudo-differential scheme. The distributions are shown for
three different column heights (c = 64, 128 and 256) and for both read ‘0’ and ‘1’ cases.

The column height here refers to the number of cells on the discharging BL. Thus, in the
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split BL case, the total height of the array is 2c, while it is ¢ for the differential sensing

case.
Asymmetric 6T 6T Asymmetric 6T 6T
1 lrc=ea 1 =62
0.5 l&k 0.5 J 0.5 f 0.5 J
0 1 2 0 1 2 0 1 2 0 1 2
1 lrc=128 1 =128
0.5 i 0.5 0.5 0.5 J
0 1 2 0 1 2 0 1 2 0 1 2
1 =256 1 =256
0.5 ﬂ | 0.5 0.5 j 0.5 A
0 0 Q— 0 NA 0
0 1 2 0 1 2 0 1 2 0 1 2

(a) (b)
Figure 4.3: SA input distributions for (a) Read ‘0’ and (b) Read ‘1°. The distributions with
the circular and cross markers are associated with the sensed and reference BL voltages
respecitvely.

We observe that as the height of the column increases, the overlap between the sensed
and reference voltage increases, causing the SA output to be unreliable. However, for
shorter column heights, as is the norm in modern SRAM designs, the distributions of the
sensed and reference voltage are wide apart. This is because the higher drive strength and
lower BL capacitance pulls the two distributions away from each other. Thus, the split BL
sensing works for shorter BLs though the reference has higher variability when compared
to conventional sensing. Note that the BLs are still longer than that used in full-swing
hierarchical sensing (e.g. 8 BLs per local BL in [16]). Thus, the area efficiency is not

impacted.
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4.4 Comparison with Differential Sensing

Fig. 4.1(b) depicts the schematics of a column for differential sensing. Both the sensing
schemes being compared have the same total number of bitcells per SA. The NMOS input
devices of the SA are sized up since increasing their W and L reduces the offset varia-
tion [44]. We use the 5Te bitcell described in chapter 2 for our comparison. Note that this
bitcell is tuned for maximum Iggap by upsizing both access and pull-down transistors. The

read performance is expected to change depending on the asymmetric sizing scheme used.

4.4.1 Read Delay

Since the rest of the read path is the same, we can compare the read access time simply
by comparing the time it takes to develop a sufficient BL differential. The sized-up SA that
we use has a 30 offset of 80 mV. For this example, we add another 20 mV to account for
strobe uncertainty and measure the time it takes to develop 100 mV of differential in either
case. Fig. 4.4 shows the mean and worst case delay for 5Te and 6T cells. Though the mean
is comparable, the higher variation for the pseudo differential case makes it slower in the
worst case then 6T. However, for larger arrays (e.g. higher number of rows), the 5T is only
15-20% slower than 6T. Further, if we use full-swing read for the 6T as well, then the 5T

will be faster due to higher Iggap.

4.4.2 Read Power

Typically, the power during a write cycle is more than that during a read cycle due to

the full-swing nature of the write operation. However, since reads are more frequent than
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Figure 4.4: Read delay comparison for 5Te with pseudo-differential sensing and 6T with
differential sensing at 1V.

writes, the read power becomes important. So, we analyze the read power per column
for the 5T. The power here refers to that dissipated by the precharge and column mux
transistors, the bitcell column, the BLs. Fig. 4.5 depicts the power per column for a read
access. For the 5T, the average of the power when reading a ‘0’ and ‘1’ is shown. When
reading a ‘0’, both the top and bottom BLs discharge. Also, a higher droop is required
for pseudo-differential read when the cell stores ‘0’. This contributes to increasing the
read power relative to the 6T. However, this is offset by the halving of the BL capacitance.

The net result is that the power is nearly the same (within 10%) for both cases, as seen in

Fig. 4.5.

4.5 Conclusions

A pseudo-differential scheme for single-ended bitcells such as the 5T and the asymmet-
ric 6T described in the previous two chapters has been presented. The proposed technique
allows the improved Iggap provided by these asymmetric bitcells to be translated to better

overall read delay, comparable to differential sensing. On the flip side, the scheme is more
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Figure 4.5: Read power per column for 5Te and 6T at 1V is similar.

susceptible to variation and provides comparable performance only for shorter BLs (e.g.

64-128).
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Dynamic Write-limited Minimum

Operating Voltage for SRAM

5.1 Motivation and Related Work

An accurate prediction of the minimum SRAM operating voltage, Vyn, iS neces-
sary for designing a low power SRAM that meets retention, read, and write functional
yield requirements. Existing attempts at Vyn prediction for standby and active operation,
and for yield estimation are based on static margins during hold, read, and write opera-
tions [45][46]. However, static metrics tend to be optimistic for write and pessimistic for
read, since by definition, the cell disturbance (e.g. WL pulse) is considered to be of infinite
duration for evaluating these metrics. Thus, to be able to estimate Vyn more accurately, it
is imperative to consider dynamic margins (DMs) for cell read and write stability [7].

There have been several works recently that investigate SRAM read and write opera-

tions from a dynamic perspective. The authors in [7] investigate dynamic read and write
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stability in terms of the separatrix, which divides the SRAM state space into two stability
regions. The read and write DMs are defined as the margin between the Ty, the width of
the WL pulse, and Tacross, the time taken to cross the separatrix. Dynamic read stability
is investigated in [9] and takes into account the impact of repeated read accesses on the
dynamic stability of the bitcell. In this dissertation, we focus on dynamic writability anal-
ysis alone since static write margin is optimistic and tends to underestimate V. Also,
the PMOS pull-ups that influence the write operation are typically the smallest devices in
the cell, and hence more impacted by variability. This makes write failure more likely,
especially in newer technologies [47].

Although dynamic stability has been researched extensively in recent times, most of the
work has been focused on defining DMs [7][48], devising ways to calculate them analyti-
cally [6] or on-chip [49], or calculating failure probability based on dynamic stability [8].
In this dissertation, we focus on how dynamic stability affects Vyn. To achieve this goal,
we first define dynamic write noise margin (DNM) based on the Ty, crrr metric for dy-
namic writability proposed in [48] (called Tcryr in [48]. We then relate this DNM to the
dynamic write-limited Vygn (DWVyn) and compare it with conventional Static V.
To the best of our knowledge, this is the first such definiton of a Vy;n based on dynamic
writability.

We observe that it is not possible to evaluate which measure of dynamic writability of
the several proposed in literature and this work is the most accurate and effective in predict-
ing the correct V. It is quite possible that our metric may not be the most ideally suited
in certain scenarios. Irrespective of the actual dynamic metric used, the significant contri-

bution of this work is that it accounts for the factors that cause the actual (e.g. dynamic)
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writability of the SRAM bitcell to be different from that predicted using static metrics.

To enable lower power through lower Vyx, writability can be improved by voltage-
bias based assist techniques such as [50][51][52]. The impact of different assist techniques
on write SNM [15] and on dynamic writability [53] has been investigated earlier. In partic-
ular, [53] investigates the efficacy of various assist techniques in reducing Ty, cgrr. Our
second contribution in this dissertation is to investigate the impact of write assist methods

on the DWVMIN .

5.2 Critical WL Pulse-width

In order to evaluate the writability of a cell more precisely, a metric which takes into
account the dynamic write behavior must be used. We use the minimum WL pulse width
(Twi—_crir) for the cell to flip ultimately to the correct new state as a metric for dynamic
writability. The reason this is a suitable metric for dynamic writability can be expalained
using the concept of the state space of the SRAM bitcell and the separatrix [54][6].

Fig. 5.1 depicts the state space of the SRAM bitcell, where Q and QB refer to the true
and complementary states of the data stored in the cell. The cell has two stable states (0,1)
and (1,0). The black curve in the state space represents the separatrix, which separates it
into two regions of attraction. When noise injected into the cell disturbs the cell from one
of its stable states, it is “attracted” back to the original stable state, provided the disturbance
does not move the cell state across the separatrix. In that case, the cell is attracted to the
other stable state, resulting in the cell flipping its stored data.

A write operation can be treated as a special case of noise injection in the cell. This

noise can be treated as a current injection through the pass gates [48] during write. Thus,
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for a successful write, the noise injected through the pass gates must be sufficient for the
transient state trajectory to cross the separatrix. Note that the amount of noise injected
depends both on the amplitude and duration of the WL pulse. As Fig. 5.1 depicts, when the
duration is equal to Twry,_criT, the cell just flips (e.g. the red curve). If the WL duration
is insufficient, the state trajectory is attracted back to the original state, implying that the

write fails (e.g. the green curve).
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Figure 5.1: Transient state trajectories and the separatrix in the state-space demonstrating
the relation between the Tyy,_crir and the dynamic writability of the bitcell. For Ty, >
Twr—crir, the state changes and the write is successful.

5.3 DNM and DWVMIN

The Twr,_crrT described in the previous section is a measure of the dynamic writability
of the bitcell. However, it is not a true “margin” and does not reflect how close to failure
the cell is. We propose a new definition of dynamic write margin as Ty, — T'wr_criT, the
difference between the WL pulse width and the critical pulse width required for the cell to
flip. The larger the Ty, compared to Twr,_cgrir, the larger the margin, meaning that the
cell is less susceptible to dynamic write failure.

We now define the DW V1 of a bitcell as the supply voltage at which its dynamic write
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margin is less than a certain threshold (we use zero). It determines the extent to which Vpp
can be lowered before the bitcell becomes dynamic write limited. The DW V 1y of an array
is determined by the bitcell that has the maximum Ty,_cgrrr and minimum Tyyy,.

We make two assumptions in our analysis of DW V. First, we assume that the vari-
ation of Ty, across the array is negligible when compared to that of Ty, _cgrrr. This is
justified because the WL pulse is driven by inverters that are usually made up of fairly
large devices. Moreover, there are far fewer number of WL drivers than bitcells, which
means that the spread in Ty, encountered on a chip will be much lower than that of
Twr_crir- Thus, we assume a constant Ty, for a given voltage. Second, we note that
the the Twr,_crrr for a write ‘O’ would be different from that for a write ‘1’ due to local
mismatch. Thus, the DWV,y is actually the maximum of the DWVyy of the write ‘0’
and write ‘1’ cases. In this work, we only look at the DW V1 corresponding to the write
‘1’ case. Since the write mechanism is the same for both, we expect the same analysis to
apply for the write ‘0’ case as well.

If a cell is statically limited (e.g. static write margin is zero), the cell cannot be written
even if Ty, 1s infinite. This happens when the variability within the bitcell is such that the
pass-gate is severely weakened when compared to the pull-up on the side storing a ‘1’. We
consider Twr,_crrr to be undefined for such statically limited cells as there does not exist
a value of Ty, that would allow the cell to flip. Fig. 5.2 shows an example using an early
bitcell from a 32nm low power, CMOS bulk technology. The pass gate threshold voltage
(V) is 88 mV higher than nominal and the magnitude of the pull up V1 is 120 mV lower
than the nominal value. As a result, the storage nodes (Q and QB) cannot be flipped when

Vpp is below 0.686 V. This cell has a negative write SNM below 0.686 V, as measured
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using Seevinck’s method [30]. Such cells determine the static write limited Vyn of the

array.
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Figure 5.2: A dynamically write limited but statically non-limited cell (a) becomes stati-
cally limited (b) as the voltage is lowered from 0.686V to 0.55V.

Fig. 5.3 depicts the Ty, (for a given WL driver) and the worst case Tywr,_criT of a 1kb
array. As the voltage is lowered, both Ty, and worst case Ty, _criT increase. The latter
does so more rapidly until the dynamic write margin becomes zero at the intersection of
the two curves, 624 mV, which is the DW V.

The first static write failure appears at 670 mV (Fig. 5.3). If the array hits the static limit
before it becomes dynamically limited as in this case, the DWV )y is irrelevant. However,
to understand and characterize the dynamic writability phenomenon, we continue looking
at the Twi_criT and DWVyn even after the array is statically limited.

We observe that there is a kink in the Tyy,_criT curve once the array becomes static
write limited. This is because as Vpp is lowered, the weakest cell in a dynamic writabil-
ity sense (e.g. with the largest Twi_criT) Starts becoming static limited instead (e.g.

Twr_crrr 18 not defined). This is confirmed by the fact that the V- offsets are the same
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for each voltage (Table 5.1). As a result, the worst case Ty, _crirr now corresponds to
a relatively stronger cell than before (e.g. not as far out the tail), causing the kink in the
curve. We also note that the pull-up and access transistor on the side storing a ‘1’ are the
worst affected by variability, being significantly strengthened and weakened respectively.

Thus, the same devices influence both static and dynamic writability.
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Figure 5.3: Using worst case Twr,_crir and Twy, to determine the dynamic writability
limited Vyn. The intersection determines DW Vg, 624 mV in this case.

Table 5.1: V1 offsets for static and dynamic write fails

PDO PD1 PUO PU1 PGO PG1

1V 0.0286 0.0332 -0.0245 -0.1294 -0.0258 0.1263

0.6865V 0.0286 0.0332 -0.0245 -0.1294 -0.0258 0.1263
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5.4 Factors affecting DWV iy

DWWV for an array depends on four factors - the nature of the generated WL pulse
(e.g. how it scales with voltage), the memory capacity, the number of cycles prior to first

read, and the bitcell parasitic capacitances. We now discuss these aspects in detail.

5.4.1 WL pulse characteristics

Typically, the final WL pulse that is driven to the bitcell is generated by combining
an enable pulse with the address decoder output to activate one row. This enable signal,
along with other control signals such as the sense amplifier enable and precharge signals are
generated by a timing block, for instance, using a self-timed replica path to track process
variations or simply through combinational logic that depends on a clock input [55].

The DWV N depends on how the generated WL pulse scales with voltage. Fig. 5.4
shows how the DW V1 changes for two different Ty, scaling approaches. In Fig. 5.4a,
the WL pulse is generated using a self-timed path that traverses the height of the array. The
Twr, values are derived from simulations of an extracted model of a heavily margined, com-
piler generated array. Fig. 5.4b, the Ty, at each voltage is set to the value that is required to
ensure that a specific bitline differential is developed by the end of the pulse during a read.
For this example, we arbitrarily choose a differential of 150 mV. This approach results in a
much smaller Ty, across voltage when compared to the former approach. As a result, the
array becomes dynamic write limited at a higher voltage. We observe that the DWV n
for a 1kb array is 624 mV with the former approach, while it increases to 741 mV with the
latter.

In general, there are several factors that determine the Tyyr,. For example, it has to be
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wide enough to generate a sufficient bitline differential to overcome bitline leakage and
sense amplifier offset during a read. On the other hand, it has to be narrow enough to meet
performance requirements and to avoid read upsets. Scaling Ty, so that it is larger than
the worst case Ty, _cgrrr of the array will ensure that the array is not dynamically write
limited at a particular voltage.
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Figure 5.4: DWVn dependence on voltage scaling of Tywy,. DWVyn increases from 624
mV (a) to 741 mV (b) for two different Ty, scaling approaches.

5.4.2 Memory size

As the memory size increases, so does the worst case Ty, _crrr as it moves further out
the tail. Fig. 5.5 shows the the variability of Ty, _cryr in terms of the ratio of its worst case
and nominal values for various array sizes. The values for the 100kb and 10Mb arrays are
obtained using the Statistical Blockade tool (SB), while those for the 1kb and Skb arrays
are obtained from full MC simulation. The worst case Tyr,_cgrr for a 10Mb array is nearly
120 times the nominal value at 0.8V, while it is only about 20 times the nominal value at 1V.

So, for smaller arrays in the order of hundreds of kilobits, the variability impact at lower
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voltages is not so severe. However, it is quite significant for megabit-sized arrays.
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Figure 5.5: Impact of variability on Ty, _crir for different array sizes.

Thus, as memory size increases, the array becomes dynamic write limited at a higher
voltage. For instance, Fig. 5.6 shows worst case Tywr,_crir values across voltage for the
1kb and 5kb arrays. We can observe that the variability is higher at lower voltages and
the difference between the worst case Ty, _cgrir for the two arrays becomes much larger.
As a result, the DWV 1y for the 5kb array is 714 mV, when compared to 624 mV for the
1kb array. Using SB, we determined the DWV 1y for 100kb and 10Mb as well (Fig. 5.7).
The DWVn for the Skb and 100kb arrays are almost the same as the latter is static write
limited. Due to this, the worst case cell in the 100kb array is relatively stronger than that in

the Skb one from a dynamic writability perspective,as explained in section 5.3.

5.4.3 Bitcell parasitics

Since Twr_crrr 1S @ dynamic measure of writability, it is affected by the parasitic

capacitances in the bitcell, specifically, the capacitances between the storage nodes and
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Figure 5.6: DW V)N dependence on array capacity. DWVyx increases from 624 mV for
a 1kb array to 714 mV for a 5kb array.
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Figure 5.7: DWV 1y for various array sizes using SB.

various terminals of the bitcell. From the extracted netlist of the bitcell, we note that the
inter-storage node parasitic capacitance (Cq_qp) dominates over other components, being
at least 2x larger than the others (Fig. 5.8). Since the storage nodes need to move in the
opposite direction for the cell to flip, a larger value of Cq_qp would make this harder. Thus,

Twr_crrr 18 most affected by this component of the bitcell parasitics. As Fig. 5.9 shows,
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Twr—crrr Increases by more than 6x if the inter-storage parasitic capacitance increases

10x, with the other components remaining the same.
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Figure 5.8: Dominant bitcell parasitics.
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Figure 5.9: Impact of inter-storage node parasitic on Tyr,_cryr for each of the three most
dominant capacitances, with the others kept constant.

The dependence of Twy,_criT On bitcell parasitics implies that the DWV 1y also de-

pends on them. Fig. 5.10 depicts the worst case Tvwr,_criT across voltage for a 1kb array
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with the Twr,_criT estimated using extracted (“real”’) and non-extracted (“ideal”) versions
of the bitcells. We note that while the DWWV n of the 1kb array with the “real” bitcells
is 624 mV, the array with the “ideal” bitcells is dynamically write stable above 600 mV.
Again, the number of static write failures is the same in either case. Thus, a layout that
reduces the bitcell parasitic capacitances, in particular, Cq_qgp can improve the DWVyy
of the SRAM, although, the cell becomes more susceptible to read upsets if Cq_qp is too
low. The impact of the parasitic capacitance on the DWVyy in Fig. 5.10 is small possibly
because the cell layout was done carefully to minimize the dominant parasitic capacitances.
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Figure 5.10: DWV)n dependence on the bitcell parasitics.

5.4.4 Number of Cycles Prior to First Read

So far we have assumed the write to be successful if the cell nodes have completely
flipped after a long period of time (e.g. 2-3 orders of magnitude compared to Tyy,). This
definition is highly optimistic as it does not consider the possibility of the cell being read

in one of the subsequent cycles. If the cell has not fully flipped before the start of the read,
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it is possible that the correct value is not read.

The strictest (e.g. most pessimistic) criterion for write success requires the cell nodes
to completely flip by the end of the current write cycle. We call this Twry,_criT_cyc. These
definitions form bounds on the real Twy,_crir of the cell, which thus depends on when
the cell nodes are checked to see if they have flipped. The stricter the failure criterion, the
larger the Twry,_crir for a successful write, and the higher the DWVyn. The Twi_criT
values defined based on the two write failure criteria described here form lower and upper
bounds respecively for the actual Tyyy,_crrr of the bitcell. The following example shows
the impact of the write failure criterion on the Twry,_criT and the DWVyx.

Fig. 5.11 shows the nominal Ty, _cgrir at two voltages. In either case, the nominal
Twr_crrr initially falls drastically. For instance, if the failure criterion is relaxed by just
two cycles, the nominal Ty, cgyr 1S nearly halved. It eventually settles to the lower bound
indicated by the dashed line, where the cell nodes are checked three orders of magnitude
after the end of the write cycle. This happens once the failure criterion is relaxed to the
point where the cell needs to be first read about 30 cycles after the write cycle.

From Fig. 5.11, we can see how Twr,_crir depends on the number of cycles prior to
the first read operation. Thus if a stricter failure criterion is imposed, the array will be
dynamically write limited at a higher voltage. Fig. 5.12 shows the worst case Twr_criT
across voltage for the two bounds on the write failure criterion — a read immediately
following a write and a read after a “long” time (3 orders of magnitude more compared to
Twr, in this example). We observe that the DW V 1y of the array lies between 624 mV and

744 mV for the two extreme cases of the write failure criteron.
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Figure 5.11: Effect of the no. of cycles elapsed before the first read.
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Figure 5.12: DWVun dependence on the number of cycles prior to first read. DWVyx
for a 1kb array lies between 624 mV and 744 mV.

5.5 Comparison with Static Vv

In addition to parametric variation, which impacts both dynamic and static limited
Vumin, dynamic writability is affected by additional factors, as discussed in the previous
secion. In particular, factors such as the voltage scaling of Ty, and the number of cycles

prior to first read can influence whether an SRAM array hits the dynamic writability limit
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before or after the variability-influenced static write limit is encountered.

Fig. 5.13 shows the static and dynamic write Vyn for various memory sizes. The static
Vuin is determined by the voltage at which the first static write fail occurs (e.g. the cell
does not flip for any value of Tyy,). The dynamic Vyy is calculated for the two scenarios
of Twr, scaling shown in Fig. 5.4. We observe that the dynamic and static write Vyn are
comparable when the Ty, scaling is heavily margined as in the first case. However, if the
Twr, scaling is more aggressive, the array hits the dynamic write limitation before static
fails start to appear. This is particularly true for large memories in the order of megabits.
For instance, when using a more aggressively scaled Ty, the 10Mb memory is dynamic
write limited as high as 0.95 V, while static write fails appear only from 0.8 V. Thus, we
conclude that for large memories with aggressive performance requirements, dynamic write
limitations imposed by the mode of access and Ty, scaling will become more dominant

than purely variability affected static write limitations.
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Figure 5.13: Dynamic vs. Static Vyn for self-timing path generated, heavily margined
Twr, (a) and aggressive bitline differential dependent Ty, (b).
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5.6 Impact of Write Assists

Several implementations of write assists exist in literature. Voltage bias-based write
assists fall broadly into two categories — ones that alter the “noise source” amplitude or
duration through the access transistor, and ones that modify the strength or voltage transfer
characteristics of the cross-coupled inverters [15]. We choose the WL boost method (WLB)
from the former and Vpp lowering method (VDDL) from the latter categories, as these
appear to be the most popularly used write assist methods in recent literature [S0][56][57].

We use a WL boost and Vpp droop value of 100mV.

2

10 ‘
— Twe
1 —*— No Assist
10 ——WLB

(Normalized)
=

Static -
10—1 F_ail_ure :
Limit -
Without'
10‘2 Assist !

0.4 0.6 0.8 1
VDD V)

Worst Case T, air Ty

Figure 5.14: Impact of write assists on worst case Twry,_crrr. Static write failure occurs
without assist at 670 mV. No static write failures are observed above 500 mV with either
assist.

Fig. 5.14 shows the worst case Tyw,_crrT 1n a 1kb array, with no write assists, and with
WLB and VDDL. The Ty, in these examples corresponds to a WL pulse generated from a
self-timed path. We observe that WLB is more effective than VDDL in reducing the worst
case Twr_crrr. This is because the gate-to-source voltage of the access transistor is higher
in the case of WLB and consequently, the write time is lower, leading to a lower worst case

Twr—crrr and DWVy 1y . However, both categories of assist techniques eliminate the static
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Figure 5.15: DWV )y for various array sizes with and without write assists. Static Vyn <
DWVn for both assist methods.

failures that appear when no write assist is applied, down to 500 mV. In this case, WLB is a
better write assist purely from a Tyy,_criT point of view, although it worsens the stability
of the half-selected cells during read. Fig. 5.15 confirms this for larger memories as well.
This agrees well with the conclusions drawn in [15] and [53] about the best write assist
techniques, based on static and dynamic writability considerations respectively. In terms of
half-select stability however, VDDL is a better write assist, particularly if the Vpp is shared
column-wise since the boosted WL voltage reduces the read stability of the half-selected
cells along the same row. We note that other considerations such as power overhead and
complexity of implementation would also need to be considered before choosing a write

assist implementation.

5.7 Conclusions

We have discussed how bitcell writability can be described from a dynamic standpoint

through the Ty, criT metric and introduced the concept of DWV 1y that is distinct from
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the operating SRAM V,x defined based on conventional SNM. Though more accurate,
dynamic metrics are more difficult and expensive to compute. The concepts presented
in this dissertation can potentially be investigated further to find an explicit relationship
between static and dynamic writability metrics or conventional Vyn and DWVyn. For
instance, we have shown how certain factors affect the DWVyx but not the conventional
Vuin. Using such information, if a relation between dynamic and static metrics can be de-
termined, then by simply performing simpler, less expensive static writability analysis, we
can determine a more accurate operating SRAM V). This Vyn would take into account
the dynamics of the write operation and not be solely based on the DC characteristics of

the write operation.
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Virtual Prototyping Tool

6.1 Motivation

While process scaling has enabled ever-larger embedded memories, scaling trends such
as process variability, device leakage, soft error susceptibility, and interconnect delay make
memory design increasingly difficult. In the face of such scaling effects, the best way
to design SRAMs that are optimal in terms of global figures of merit (FoMs), which we
define as energy, performance, area, and yield, at the 32nm process technology node and
below, largely remains an open question. Researchers have proposed a number of tech-
niques at the technology and circuit level to deal with problems such as variation and leak-
age [47][58][59][60]. The alternative bitcells and pseudo-differential sensing proposed in
the previous chapters are also examples of circuit techniques to deal with various chal-
lenges of SRAM design at advance technology nodes. However, all these techniques tend
to address only certain individual components of the memory. A change in any one of

the key memory circuits will alter the optimal circuit topologies, array partitioning, and

83
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architecture for the entire memory. This makes it difficult to evaluate a particular circuit
technique without assessing global benefits and overheads.

Back-of-the-envelope estimation of overheads and impact on SRAM global FoMs early
in the design flow tends to be ad-hoc and dependent on assumptions that vary from designer
to designer. Alternatively, complete SRAM prototypes to evaluate each new technique can
be created. However, this impractically increases design time and reduces productivity.
Thus, there is a need for a methodology through which designers can generate and evaluate
prototypes at every step of the SRAM design process that account for process and circuit
level issues in terms of global FoMs. Thus, there is a need for a methodology through
which designers can generate and evaluate prototypes at every step of the SRAM design
process that account for process and circuit level issues in terms of global FoMs.

To address this problem, we present a Virtual Prototyping tool (ViPro), which enables
early design space exploration by creating virtual prototypes of a complete SRAM macro,
even when many design details are missing (hence virtual). As the design process proceeds,
the prototypes become more accurate and complete. Thus, ViPro helps the designer do what
he would want to do anyway (e.g. design space exploration), but much more efficiently,
making it design automation in the truest sense. ViPro has four key features that make
it a valuable tool for SRAM designers. First, it generates a base-case SRAM prototype.
Second, since the model allows the components to be described using varying levels of
detail, designers can define and work on a complete prototype quite early in the design
cycle. Third, it can quickly re-optimize the design if a circuit component or the process
models change. Finally, it performs its own process characterization, and thus can be used

with any process with defined SPICE/Spectre device models.
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The novelty of the tool is that it generates a virtual prototype of the SRAM with as
much information as is available at every stage of the design process, and gives the best
possible estimate of the global FoMs and trade-offs between them without having to per-
form full-fledged circuit simulations. It is not a stand-alone tool or a compiler that designs
an SRAM. Rather, the designer is actively involved, and uses his expertise to make design
decisions based on the output of ViPro, which ultimately leads to an optimal design after
several iterations. The estimates provided by ViPro may be inaccurate early on, but as the
design proceeds and more components are clearly defined, the accuracy of the prototypes

improves.

6.2 Related Work

There are a few memory design and FoM characterization tools available, but they do
not support integrated process-circuit-system co-design like ViPro. At one end of the spec-
trum are architecture-level modeling tools like CACTI [61], used by computer architects to
obtain quick estimates of SRAM access time, power, and area. CACTI 6.0 [62] facilitates
high level design space exploration by using an optimization cost function that accounts for
a user-weighted combination of delay, leakage, dynamic power, cycle time and area. Our
tool also supports architectural exploration, but it differs from CACTI in two key ways.
First, CACTI makes fixed assumptions regarding the circuits comprising the SRAM, so it
optimizes at the architecture level only. ViPro allows designers to generate circuit informa-
tion (via simulation) specific to any given technology or to add/alter the underlying circuits.
Thus, it supports circuit-architecture co-design, which leads to better overall designs. Sec-

ond, CACTI supports a limited set of process technologies and assumes ITRS [63] parame-



Chapter 6: Virtual Prototyping Tool 86

ters for all its calculations. These assumptions may not be accurate, especially for advanced
process nodes. ViPro uses a technology-agnostic simulation environment (section 6.4) to
characterize its circuit components in any process using Spectre simulations before gener-
ating the virtual prototypes, so it uses accurate technology-specific circuit parameters for
any process.

At the other end of the spectrum are transistor-level optimizers (e.g., [64][65]) that are
good at choosing optimal device characteristics (e.g. W/L, V, Vpp etc.) for a given circuit
topology, but are not helpful in choosing an optimal circuit topology or micro-architecture.
In addition, since they are designed to thoroughly explore the design space under device and
environmental variations, they are not suitable for quick, early design space exploration.

Finally, memory compilers (e.g., [66][67]) help generate memories based on user-
defined parameters, but do not provide trade-off information or facilitate design space ex-
ploration and optimization. They are more a deliverable from memory design teams rather
than a tool for memory design teams. ViPro fills the gap between these tools by providing
an optimization and design space exploration tool for SRAM that supports circuit-system
co-design. The Venn diagram in Fig. 6.1 succintly sums up the role of ViPro in SRAM
design.

An analogous design tool for the design and optimization of high speed links was pre-
viously presented in [68], which couples circuit level parameters with global FoMs and
demonstrates the value of doing so for exploring a broad design space. The tool relies
heavily on analytical expressions that are specific to high speed links. ViPro targets an-
other complicated mixed signal design problem, SRAM, with a more generalized approach.

While it can support analytical modeling for speeding up the optimization process, it also
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Figure 6.1: Although there is some overlap between the functionality of ViPro and existing
SRAM design tools, the novelty of ViPro is that it is the first such tool that fills the gaps
between architectural simulators, transistor optimizers, and memory compilers.

supports a fully simulation based approach or a mixed modeling/simulation framework

(e.g. by supporting variable levels of detail in describing the SRAM circuit components).

6.3 Overview

Fig. 6.2 shows the structure of ViPro, which comprises two main blocks — a technology-
agnostic simulation environment (TASE), and a hierarchical metacompiler (HMC, meta to
distinguish it from a true compiler that produces complete final designs). TASE provides
a technology-agnostic framework for generating data from simulation of SRAM compo-
nents, so that ViPro can operate in any process technology. The HMC implements an
editable and flexible hierarchical model of the memory (HMM) that allows a designer to
define components of the memory with varying levels of detail and accuracy, performs op-

timization, and generates schematics and layout of the SRAM and its component circuits.
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Optimal bitcell schematic and layout are typically provided by the foundry. Alternatively,

the designer can use the bitcell generator (section 6.5) to generate a logic-rule bitcell [69].
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Figure 6.2: Structure of ViPro showing various components, and inputs and outputs for the

tool.

The designer provides the following inputs in a user configuration file.

e Process technology

e Top-level memory specifications capacity, word-size, supply voltage, operating tem-

perature, etc.

e Constraints on metrics like energy and delay
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e Component specifications (optional) black-box estimates, analytical models or TASE

simulation templates
ViPro produces the following outputs.

e Trade-off curves between global FoMs (e.g. E-D curves)

e Global FoMs for a fixed user-specified SRAM configuration (no optimization per-
formed)

e Break-down of FoMs among components

e Schematic and Layout of SRAM component circuits (e.g. WL drivers, SA etc.)

6.3.1 Components

TASE abstracts out the process dependencies from the simulation set-up using simula-
tion templates. It then combines these templates with process-related data to produce the
simulation-ready netlist and simulates it using Spectre. We incorporate TASE into ViPro
for two purposes. First, to characterize a technology or process through device-level simu-
lations (e.g. I-V curves, FO4 delay, etc.). Second, TASE includes a user-expandable library
of templates of SRAM components that can be characterized in terms of global (e.g. energy
and delay) and component-specific FoMs (e.g. noise margins for a bitcell and offset for a
sense amplifier). These templates also use Monte Carlo analysis to capture statistical data
required for yield estimation. TASE can also be used stand-alone as a simulation platform
for any kind of design, as described in section 6.4.

The HMC can be broken down into four parts. First, the bitcell generator (section 6.5)
can be used to generate an optimal logic-rule compliant 6T bitcell based on considera-

tions of area, RSNM, WNM, and Iggap. Alternatively, this block can be unused if the



Chapter 6: Virtual Prototyping Tool 90

foundry provided “pushed” rule 6T bitcell is used instead. Second, a hierarchical model
of the SRAM implemented in MATLAB (section 6.6) determines global FoMs using data
from TASE. The model can make this calculation using inputs with variable level of detail,
which makes it an important part of ViPro. Third, an optimizer (section 6.7) determines
the values of the design knobs (e.g. number of rows, columns, device sizes etc.) to meet
user-specificed constraints and requirements for the global FoMs. Fourth, the actual com-
piler (e.g. schematic and layout generator) that generates the schematic and layout for
the SRAM for any technology. The technology-agnostic nature of TASE and the SRAM

generator described in section 6.8 makes ViPro usable for any technology.

6.3.2 Design Methodology

The flowchart in Fig. 6.3 depcits the steps involved in using ViPro for generating virtual
prototypes. The first step (once per technology) is to characterize the process technology
through device-level simulations. In the second step, TASE characterizes components from
the library (once per technology). Any components currently unavailable in the TASE tem-
plate library must be defined using black-box estimates, analytical models, or new tem-
plates added to the library. As more components are added to the library, the accuracy
and scope of the virtual prototypes improves. In the third step, using existing components
and built-in analytical models, ViPro can generate an optimized base-case prototype that
provides a convenient starting point for a designer interested in creating a more optimized
custom design. He can explore different circuit options (e.g. assist techniques, alterna-
tive bitcells, etc.) to further optimize his design. By changing the specification of one or

more components and running the tool iteratively, the designer can steer the design effort
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towards an optimal design. Alternatively, the designer can exploit the tools technology-
agnostic nature to compare prototypes for different process or device options. This kind of
comparison is especially useful for many fab-less companies that have to choose between
different processes for their design. Thus, for example, when porting an existing design
to a new technology, the designer can quickly see how the optimum configuration of the
design changes. This technology agnostic feature also allows for process-circuit co-design,
since the optimal circuit and architecture selections will change in response to process al-
terations.

A key insight here is that the designer is an integral part of the tool flow. As the de-
signer runs the tool multiple times and compares several virtual prototypes, his understand-
ing of the trade-offs involved in the design increases. Thus, he finalizes more and more
components, which improves the accuracy of the prototype. Ultimately, as the design nears
completion, all the components in the memory are specified in terms of circuit netlists from
the template library of TASE, and our tool becomes closer to an actual SRAM compiler in

terms of generating full schematics and layout.

6.4 TASE

In this section, we describe the implementation of TASE and its usage methodology. We
start with a description of the simulation templates and execution files. Then, we describe
the tool flow. Finally, we demonstrate how TASE can be used both as a standalone tool,

and as a part of ViPro.
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Figure 6.3: Methodology of using virtual prototypes for SRAM design.

6.4.1 Tool Overview

TASE acts as a wrapper, currently implemented in MATLAB and PERL, to an existing
SPICE-like simulation framework (e.g. Spectre). TASE is built around a low-level circuit
simulator, and is best suited for quick characterization of relatively small circuit blocks

composed of a few tens of transistors. In order for TASE to perform technology agnostic
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simulation, it must cleanly separate the technology-dependent aspects of a simulation from
the technology-independent aspects. It is these technology-independent aspects that can
propagate designer knowledge and intent. This is the key insight that enables TASE to
reuse simulations for any technology or process corner.

The input to circuit simulators such as SPICE or Spectre has the following basic com-

ponents, all of which contain technology-specific information.

e Netlist circuit topology description

Stimuli and initial conditions

Analysis statements (e.g. Transient, DC)

Measurement statements (e.g. Delay, Power)

Temperature and voltage of operation

Device models

We separate the components of a TASE simulation into a suite of technology inde-
pendent templates and a single technology-specific configuration per process. A template
exists for each simulation, and each technology agnostic template contains several compo-

nents (Fig 6.4(a)):

e Technology agnostic netlist
e Technology agnostic stimuli and initial conditions
e Technology agnostic analysis and measure statements

e Technology agnostic post-processing script

First, the netlist uses technology-independent references to subcircuits that represent

FETs (“P_TRANSISTOR” and “N_TRANSISTOR”). Device sizes, etc., are not specified
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* Tech independent netlist
XP1 (OUT IN VDD1 VDDI1) P TRANSISTOR
+ width=(3*Wmin) length=(Lmin)

XSRAM PASSGATE (BLIN WL BL VSS1)
N TRANSISTOR

+ width=(Wpg) length=(Lpg)

* Tech independent voltage/temp
naram vVTINT1 VD Dty

* Analysis & measurement statements J>

* Script for post-processing outputs

1
1
! | subckt N TRANSISTOR DGSB i
i * FET description '
i subckt P TRANSISTOR DGSB '
i PX (D G S B) PFET 22LP w=width :
i I=length !
: :
! I
! I
! I
! I
! I
' I
I 1

ends

* Model File Path
include “...ptmLib.scs”, section="“22nmTT"”

-

Figure 6.4: Example (a) technology agnostic template (b) technology specific
configuration.

using absolute numbers, but in terms of minimum feature size or as parameters to be defined
by the user. Second, analysis and measurement statements set up the simulation and capture
the relevant results. Many features of these statements are already process independent, but
values that must change with process (e.g. transient run time) are parameterized. Finally,
optional post-processing scripts (e.g. MATLAB) extract, process, and plot data from the

simulation results. The technology-specific configuration (Fig. 6.4(b)) contains all of the
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information that changes with each of the different processes:

e Device model files
e Temperature and voltage of operation
e Simulation parameters (e.g. Monte Carlo seed)

e Template parameters (e.g. device sizes)

Technology specific sub-circuits for NMOS and PMOS devices, with links to the device
models, provide the generic P TRANSISTOR and N_TRANSISTOR components used in
the simulation templates. The structure of TASE makes it quite easy to add new content.
To add a new simulation, the designer must simply build a new technology independent
template and place it in the templates directory, then add definitions for any new parameters
to the top level execution file. Building a template is only slightly more time consuming
than writing a direct simulation, so the overhead of this procedure is justified since the
template can be re-run in any technology without modification. Adding a new technology
requires only writing a new technology-specific configuration, which contains only the
transistor sub-circuits and model path information. Now, these analyses and insights into
the tradeoffs that lead to certain design decisions will port with the final design into new

processes.

6.4.2 Tool flow

To run TASE, the user sets up a top level execution file (Fig. 6.5 shows an example
execution file) that can associate multiple templates into a group of related simulations.
Through the execution file, the designer selects a technology-specific configuration (e.g.

sets the netlist parameters and model files) and a group of templates to run, which can be
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selected individually or for a particular category (e.g. process characterization, SRAM,

etc.). Currently, TASE supports templates in Spectre or Ocean formats.

Netlist parameters ‘[

Model files {

Simulation set |

;ipu> 100n

<wpu> 200n

<pvdd> 1.0

<SubN> 111 _femplate/ptm90/subN.scs
<subP> 1[I femplate/ptm90/subP.scs
<include> _/././ fiemplate/ptm90/include.scs

HRHHHHA
# TEST EXECUTION SELECTION
HHHEHEHE
<SCSs>

IDVD_N

</scs>
<ocn>

<locn>

Figure 6.5: Example execution file for TASE.

Fig. 6.6 depicts the TASE tool flow. TASE combines the parameter values from the

execution file and the specified model-file with the simulation templates, which converts

the technology agnostic templates into simulations customized for the chosen technology.

Next, TASE launches the circuit-level simulator(s) to run the selected simulations. After

they conclude, TASE consolidates the post-processing scripts (MATLAB) from the tem-

plates, launches the consolidated script to process the raw output data from the multiple

simulations, and produces plots and results for the designer. Since templates can be reused

in multiple groups, the post-processing for a given template can be specifically tailored to

the context of the simulation in each group. This also supports using TASE as an iterative
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design tool, since simulation templates can be reused and refined in the context of a new

execution file.

Designer
Output

TASE plOtS

- < Expert o |
Execution file .

Templates Technology -specific J_J Post-process
configurations

\ { Raw Outputs

Generated customized
simulations

Simulator

External (e.g.
Cadence Spectre)

Figure 6.6: Tool flow diagram for TASE.

6.4.3 Usage
As a standalone tool

The technology agnostic nature of TASE makes it a useful tool for several purposes.
First, it can be used for exploring a new process by running existing templace for device
characterization with an execution file for the new process. Second, it can help forecast
the behavior of any circuit (e.g. digital, analog, mixed-signal) or device using Predictive
Technology Models (PTMs) [70]. Finally, by simply adjusting parameters in the execution
file, TASE enables quick simulation across different process corners, voltages, and temper-

atures. Reference [71] describes several examples that show how TASE can be useful as a
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standalone tool.

As a part of ViPro

TASE is used to characterize SRAM component circuits (WL driver, timing block,
decoders, column-mux, SA, and write drivers) in terms of energy and delay with respect to
various knobs such as device sizes, number of stages in buffer chains, aspect ratio of the
array etc. This data is then used by the Optimizer to determine optimal values for these

knobs to generate an SRAM that meets the top-level FoM constraints.

6.5 Bitcell Generator

The area of the SRAM and the parametric yield are primarily affected by the bitcell,
especially for larger memories. This allows us to optimize the bitcell independent of the
remainder of the SRAM. The bitcell generator module of ViPro generates an optimal bitcell
design based on area, Irgap, and stability (e.g. RSNM, WNM) constraints. It is common
for design kits to come with an already optimized SRAM bitcell or array provided by the
foundry. In that case, the designer can directly use the provided bitcell instead of using
ViPro to generate it.

The optimal bitcell design is determined as follows. The designer provides search win-
dows and step sizes for the bitcell device sizes, and constraints on the area, margins, and
Irgap as input to the bitcell generator. First, the bitcell area is calculated based on an
area model that supports both logic-rule compliant and pushed rule bitcells. The model
parameters are set based on a commercial 45 nm technology and extrapolated for other

technologies. Next, bitcells that do not satisfy the area constraint are filtered out. Then,
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simulations are run in TASE to filter out bitcells that do not satisfy the remaining con-
straints. Finally, we are left with a small subset of bitcells from the original search space
that satisfy the area and metric constraints. The cell with the smallest area is chosen as the

final bitcell. Fig. 6.7 captures the working of the cell generator module.
| | ]
lo <] 1%—2 S% 3355
v v
Eggé X ESS% X

el

Design solutions that satisfy all specifications

Figure 6.7: Optimal bitcell design through search space reduction.

6.6 SRAM Model

ViPro contains a hierarchical model of the memory implemented using object-oriented
MATLAB. Fig. 6.8 depicts the memory architecture currently implemented in the tool. For
the ease of initial demonstration, we use only two levels of hierarchy and support low-
capacity (e.g. smaller than 1 Mb). The components of the memory are considered to be the

following:

e Column-mux including the BL precharge and transmission-gates (CD)
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Bitcell array (BC)

WL Drivers (WLD)

Sense amplifier and associated precharge and output latch (SA)

Write drivers and read flip-flop (I0)

Predecoder, column-decoder, and timing block (TMG)

The SRAM model first calculates the FoMs for each component. The global FoMs are

then calculated using the component FoMs. For instance, the total energy is calculated by

simply adding the energy of the component circuits and the delay by adding the delays of

the components on the critical path.

6T array

J9ALIP M

Col-mux,
Pre-charge

Buiwiy

I/0 drivers

Figure 6.8: SRAM architecture and hierarchy assumed by ViPro.

Each component in the SRAM hierarchy is defined as a class, and each class has prop-

erties defined for parameters (device sizes, voltages, etc.) and FoMs associated with the

component. The methods (functions) in the class that determine the values for an instance’s
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FoMs support varying levels of detail. For example, the method that computes delay can
simply assign it a constant value, equivalent to treating the component as a black box with
estimated constant behavior. This may be the best option for a new circuit block about
which little details are known. The method can alternatively use an analytical expression
or macro-model to compute the FoMs from the components parameters. For instance, the
energy of a wordline (WL) driver is estimated using CV? calculations, with the value of C
determined by the bitcell pass-gate and WL wire capacitance. The delay of a component
is calculated using logical effort or using an equivalent simplified R-C circuit. Finally, the
components can be specified by transistor level netlists from which TASE can directly ob-
tain FoM data across different values of the input parameters, leading to complete tradeoff
curves.

A key feature of the HMM is the use of class inheritance that allows properties common
to a branch of the hierarchy to filter down to the leaf node of that branch. Fig. 6.9 shows the
parent class and the SA class that is inherited from the parent class. By defining common
parameters whose optimum value is affected by multiple blocks as properties of the parent
class, the HMM can capture interactions between different blocks when optimizing the
overall design. For example, the offset of the sense amplifier (SA) and the strength of
the bitcell’s access transistor both influence the optimum number of bitcells on a single
bitline (i.e. number of rows (NR) in the memory array). Thus, the HMM defines a property
“NR” in the parent SRAM class that filters down to both the bitcell and the SA classes
(see Fig. 6.9). The local component methods capture how “NR” depends on both the offset
in the SA block and the drive strength of the bitcell block. These local definitions allow

top-level optimization to coordinate local dependencies. For instance, the SA can adjust its
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classdel SRAM_Component
properties
W; % transistor min. width
L; % transistor min. length
VDD: % nominal operating voltage
NR; % Number of rows per block

(a)

end % end properties

methods
function obj = E()
% use black-box estimates or CE
characterized blocks for energy
end

end % en.c.l.methods

1
(b) % SA is a sub-class of the parent class |
SRAM_Component |
classdef SRAM_SA < SRAM_Component I
properties :
offset; I

% NR, by inheritance |

<other attributes local to SA> |

end % end properties :
methods I
function obj = E() :

% overloaded function to calculate I

energy for SA component |
end |

|

|

|

end % end methods

Figure 6.9: (a) SRAM parent class and (b) example component class showing circuit at-
tributes and FoM estimation.

offset (e.g. by changing its device sizes) or the bitcell can adjust its drive strength (e.g. by

strengthening its access transistor).

6.6.1 Model Verification

We verified the SRAM model for a 65 nm commercial bulk CMOS technology in the

following way. We generated the full SRAM schematic of a 512x16 macro with a 16-bit
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word-size using ViPro . We simulated it using Cadence ultrasim and determined the average
power numbers for each component using the power analysis command in ultrasim. The
energy is obtained by multiplying the average power with the duration of the simulation.
The delay is measured as the time difference between the 50% points of the two waveforms
being measured. Tables 6.1 and 6.2 show the comparison between the energy and delay
numbers respectively reported by the ultrasim simulation of the full SRAM and from the

SRAM model in ViPro.

Table 6.1: SRAM energy verification with a 512x16 macro

Write (pJ) Read (pJ)

ViPro Macro Error ViPro Macro  Error

Decoder 1.16 086 +30% 1.16 086  +30%

Bitslice 376 372 +1.1% 0.76 086 -11.6%

Array 027 026 +38% 04 0.56  -28.6%

Timing  0.66 1.5 -56%  0.66 1.64 -60%

TOTAL 585 632 -74% 3.01 3.7 -18.6%

From these results, we observe that the energy and delay models are not highly accurate
for every individual component circuit. We believe these discrepancies are due to two
reasons. One, the macro numbers are from ultrasim’s power analysis command, while the
ViPro numbers are from Spectre simulations. Ultrasim is less accurate when compared to
Spectre, even at the slowest speed setting as it compromises on accuracy to some extent to

improve simulation speed. Second, the E-D characterization performed by TASE assume
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Table 6.2: SRAM delay verification with a 512x16 macro

Write (ps) Read (ps)

ViPro Macro Error ViPro Macro  Error

Decoder 378 397 -4.8% Decoder 378 397 -4.8%

Bitcell flip 330 227  +45.3% Bitline droop 425 330  +28.8%

SA delay 125 125 0%

TOTAL 709 624 +13.6% 928 852  +8.9%

the control signals (e.g. WL enable, BL precharge enable etc.) to arrive at the same time.
However, in the macro this is not the case. The BL precharge enable and the signals that
enable the tri-state inverters in the 1O drivers arrive a little earlier than the WL. This results
in glitches in the BL voltage or short-circuit power leading to an overall higher energy
consumption reported by the macro when compared to ViPro’s estimates.

Though some individual sub-components show a high error, the overall numbers are
much closer. For instance, the write energy numbers estimated by ViPro are only 7.4%
different from that calculated from the macro. This is because the dominant energy con-
sumption is due to the BLs, which is estimated quite accurately. The large discrepancies
are in components that do not contribute much to the overall energy consumption resulting

in less error in the overall energy consumption reported by ViPro.
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6.7 SRAM optimization

The SRAM optimization problem is a specific case of circuit optimization that falls
under the category of constrained optimization problems. In these problems, we seek to
minimize or maximize an objective function (e.g. the global SRAM FoMs in our case),
given certain constraints (e.g. performance, area, power etc.). It has been shown that most
circuit design problems can be formulated or approximated as a geomeric program (GP) or
generalized geometric program (GGP) [72]. A GP or a GGP is characterized by objective
and constraint functions that have a special form. These problems can be transformed to a
convex optimization problem [73] and then very efficiently solved using commercial tools
such as MOSEK [74]. For instance, the Stanford Circuit Optimization Tool (SCOT) uses
MOSEK as a plug-in to determine optimal device sizes, Vr, and Vpp [75][76] for logic
circuits such as buffer chains. A similar solution could potentially be implemented in ViPro
to determine circuit (e.g. device sizes) and architecture parameters (e.g. number of rows
and columns) that result in optimal FoMs for the SRAM.

In this dissertation, for the ease of demonstration of the virtual prototyping methodol-
ogy, we limit ourselves to a small number of knobs and perform a brute force search to
determine the optimal E-D curves (e.g. section 6.9). Each point on the optimal curve cor-
responds to a particular combination of the knob values. Depending on the user constraints
on the energy or delay of the SRAM macro, ViPro determines the optimal combination of
the knob values. Using these values (e.g. number of rows, device sizes etc.), the schematic
generator (section 6.8) can generate the SRAM schematic. Currently, ViPro supports the

following knobs for optimization.

e Aspect ratio/number of rows of the SRAM Macro
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e Number of pre-decode and WL driver buffer stages (to set the optimal decoder)

e Write driver device width

The SRAM optimization problem will only be truly complete if area and yield are also
considered along with energy and delay as the FoMs. However, for the purpose of demon-
strating the SRAM design methodology using virtual prototyping, considering a subset of

the metric suffices.

6.8 Technology Agnostic SRAM Compiler

6.8.1 Schematic Generator

The schematic generator, implemented in SKILL, automatically generates full schemat-
ics for the SRAM in any technology using the optimal SRAM parameters determined by
ViPro. SKILL is a scripting and parametrized-cell description language used in several Ca-
dence design tools. The generator is technology-agnostic and the user simply needs to point
ViPro to the correct library containing the basic devices for the technology and specify the
default parameters for the technology, such as minimum device sizes.

The schematic generation works in a hierarchical manner as follows. First, the basic
gates and blocks, such as inverters, and gates, and buffer chains are created. These blocks
and gates are then used to create the “leaf nodes” of the SRAM (e.g. WL driver, column-

mux, SA etc.). The following are considered as the leaf nodes of the SRAM.

e Bitcell Array
e WL Driver

e Bitslice (comprising the column-mux, SA, and I/O circuits and drivers)
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e Timing and Predecoder (comprising the control signal generation logic and 3-to-8
predecoders)

e N-chain buffers (the buffer chain driving the predecoded row address output to the
row-pitchmatched WL drivers)

e K-chain buffers (the buffer chain driving the WL output to the bitcells)

Finally, the leaf nodes are tiled together to generate the SRAM macro schematic. Fig. 6.10
shows the hierarchical structure of the gates and blocks created by the generator, starting

from the basic gates and leading up to the complete SRAM schematic.

Complete SRAM Top-level schematic

Schematic
————  Leaf Nodes
[Bitcell array || WL Driver |  |Bitslice Timing & "N Chain | | "K Chain"
predecode| [ Buffers Buffers
. 8-bit WL Pre- Col — Buffer
Bitcell ) T
Driver |CD| |SA| ||O | decode| |decode Iming Chains

- Basic gates,
[inv] [AND2 | [NAND2] |Tristate | [guf| [DFF] [NOR2 | Compf,’,,e,,ts,

Inv and Blocks

Figure 6.10: Hierarchical block diagram of the generated SRAM schematic.

6.8.2 Layout Generator

ViPro also generates the layout for the SRAM macro. However, unlike the schematic
generation which is fully automatic starting from the basic gates to the full macro, the

layout generation is only partly automated. For a particular technology, the user needs to
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provide the layout for the leaf nodes ensuring that tiling these nodes connects the common
signals between them. He would also take into account the device sizes and other parame-
ters as determined by the optimizer while drawing the layout for the leaf nodes. The layout
generator simply performs a tiling operation to generate the SRAM macro with the required
aspect ratio. The tiling is parameterized so that macros with different aspect ratios and dif-
ferent column-muxing can be easily generated. For example, Fig. 6.11 depicts the SRAM
macro layout generated by ViPro for two different aspect ratios and column-muxing.

To make the SRAM layout fully automatic, the leaf nodes themselves need to be gener-
ated automatically. This could potentially be done using SKILL as well. However, SKILL
doesn’t automatically take into account the design rules pertaining to placement and rout-
ing of different layers and wires. Ensuring that these rules are met for any technology
makes SKILL-based automatic layout of the leaf nodes challenging. Although the layout
design rules vary from technology to technology, the topology of the SRAM macro re-
mains essentially the same. Thus, abstracting away the technology-specific rules from the
technology-independent topology of the SRAM will make it easier to generate the leaf node
layouts automatically. This is similar to how TASE templates abstract away the technology-
specific model files and device parameters from the simulation. Such a tool has recently
been introduced, called PyCell Studio [77]. Using this tool, it is possible to generate the
layout of a leaf node in any technology, provided a design rule lookup file for that technol-
ogy. This lookup file is similar to the execution file for TASE and defines the parameters
of the design rules (e.g. minimum width, spacing, area, and clearances), just as the TASE
execution file defines the device parameter values and model files in the netlist used for

simulation.
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Figure 6.11: Semi-automated layout for (a) 512x16 with column-mux of 1, (b) 64x128
with column-mux of 8. The annotations 1,2, and 3 refer to the bitcell array, WL drivers,
and the bitslice leaf nodes for the two macros.

6.9 Usage Examples

In this section, we demonstrate the usage of ViPro and TASE for base-case prototype

generation and re-optimization for design space exploration.
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6.9.1 Base-case Generation

ViPro follows the steps listed below to generate a working SRAM in a 130 nm com-
mercial bulk CMOS technology. A key point to note here is that this technology was never
used before (e.g. during development or testing of the tool) and thus can be considered as

a ’new” technology.

1. Runs a preliminary characterization in TASE to estimate average gate capacitance
values for use in the SRAM model calculations and sub-component characterization
sweeps. PTM interconnect models encapsulated in a matlab function are also used to
determine the parasitic resistance and capacitance of the metal wires needed for the
SRAM model calculation (e.g. BL and WL parasitics).

2. Runs the main characterization in TASE to determine E-D characteristics of the
SRAM component circuits in terms of various design knobs (e.g device sizes). As
the number of knobs increases, the number of characterizations and the time taken
for this step increases. However, this is a one-time step for each new technol-
ogy. Changes/replacements of the component circuits for exploring the design space
would require only a subset of the characterization sims to be rerun.

3. The characterization data is used by the SRAM model and the optimizer to determine
the combination of knobs that result in an optimal SRAM. For the generation of the
SRAM prototype in this 130 nm technology, we performed only minimal optimiza-
tion. This pertained to the sizing of the buffer trees in the timing block to ensure
proper generation of the conrol signals, which is needed to ensure read and write
functionality. The SRAM energy and delay are not optimized for this demonstration.

4. Using the optimal buffer chain values (e.g. number of stages, fan-out) the compiler
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generates the schematics of the timing block. The remainder of the schematics are

sized in a fixed, worst-case manner (e.g. the precharge/write drivers are sized for the

tallest column supported by the tool).

The snapshot in Fig 6.12 shows the top-level of the generated SRAM schematic. The

remainder of this section demonstrates how ViPro helps quickly produce trade-off infor-

mation in the form of pareto-optimal curves when exploring the design space or dealing

with process or technology changes.
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Figure 6.12: Generated SRAM schematic in the “new” 130 nm technology. The blocks
starting from top-left are the WL Driver, bitcell array, WL buffer chain, bitslice, tim-
ing/predecode and predecode buffer chain.
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6.9.2 Re-optimization due to Process Change

Fig. 6.13 shows the optimal E-D curve for the base-case prototype generated using 45
nm PTMs [70]. Depending on the top-level requirements of energy or delay, we can choose
a design point from this curve, which provides the design parameters (rows, columns in
this example) for a compiler to generate a full design. When designing SRAMs in cutting-
edge technologies, designers have to deal with process models that are in constant flux.
We can use ViPro to deal with this problem by rerunning the TASE characterization for
using the new device models, and regenerate the base-case prototype. To demonstrate
this, we increase the Vp of the transistors specified in the PTM model and re-optimize
the base-case prototype for the changed model files. Now, since the new transistors are
slower, fewer bit cells can be placed on a bitline to get the same performance as before.
Though an experienced designer could easily draw this conclusion qualitatively, it would
be much harder to decide the actual number of optimum cells per bitline, since the higher

Vr transistors impact the FoMs of all the SRAM components.

20 1 Performance
" Base-case I equirement
] 4 | ; ;
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(11]

Access time (normalized)

Figure 6.13: Optimal E-D curve for generated base-case prototype using 45nm PTMs and
re-generated basecase E-D curve after process model change. Memory capacity = 16kb,
word-size = 16 bits.



Chapter 6: Virtual Prototyping Tool 113

Fig. 6.13 shows the optimal E-D curve for the changed models. We observe that the
same performance requirement (e.g. 1.9 units) leads to a different optimal design, with
a different array configuration (e.g. 256x64 for the original models and 64x256 for the
higher V1 model). Thus, ViPro provides quantitative knowledge about the impact of a
process model change on the optimal SRAM design.

ViPro can similarly be used when porting over to a new technology. When porting an
SRAM design to a new technology, it is likely that the optimal design changes even with
no change to the design requirements. ViPro helps re-optimize the design by generating a
base-case prototype in the new technology after recharacterizing the components and the
technology through TASE (e.g. by defining device sizes relative to the minimum width
and length), similar to the re-optimization that can be done when process models change
in an existing technology. Fig. 6.14 shows the base-case tool output for 45 nm and 65 nm
PTM technologies. We see that for the same energy budget of 10 units, different array
configurations are optimal for different technologies (e.g. 16x1024 for 45 nm, and 32x512

for 65 nm).

6.9.3 Design Space Exploration

With the base-case prototype as a starting point, we can now explore various circuit
options (e.g. different SA or bitcell) or architectural choices (e.g. different word-size), and
observe how the optimal SRAM design changes with these decisions. First, suppose we
want to incorporate a new SA into our SRAM design. The SA is still being designed but is
targeted to have 24% lower delay at the cost of 15% higher offset, when compared to the SA

in the base-case. We simply plug in these estimates for the SA component in the model of
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Figure 6.14: Optimal base-case E-D curves for 65nm and 45nm PTMs generated by ViPro.
Memory capacity = 16 kb, word-size = 16 bits.

the SRAM (by defining them in the user input file), as we do not have a completed design
of the SA yet. Now, the higher SA offset requires a larger bitline discharge. Thus, we
replace the bitcell in the TASE configuration file with a larger bitcell that provides higher
read current. Thus, we specify different components of the SRAM with different levels of
detail. After making these changes to the SRAM, we run ViPro to reoptimize the modified
design.

Fig. 6.15 shows the tool output for the base-case and the reoptimized design. We see
that if the performance requirement is more than 1.6 units, the re-optimized design has
higher energy than the base-case for the same delay, or conversely has higher delay than
the base-case for the same energy, making the basecase more optimal. On the other hand,
below 1.6 units of delay, the new design is more optimal. Thus, ViPro helps us decide
whether to choose the new design or not, even when the actual SA design was not com-
plete. Note that we have only considered energy and delay as the metrics of interest in this

example. The optimization result and consequently, the design decision would change if
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area is considered since the larger bitcell would increase the SRAM area.
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Figure 6.15: Optimal E-D curve for SRAM prototype in PTM 45nm after changes in the
bitcell and SA circuits. Memory capacity = 16kb, word-size = 16 bits.

6.10 Conclusions

In this chapter we have presented two CAD tools, TASE and ViPro, that enable SRAM
design automation. Both tools are technology-agnostic and work hand-in-hand to facilitate
SRAM design in any new technology. While TASE acts as a platform for simulation and
characterization of SRAM component circuits, ViPro helps determine the design param-
eters for an optimal SRAM in terms of FoMs such as energy and delay. ViPro not only
provides a base-case starting point SRAM for a new technology, but can also provide FoM
trade-off information (e.g. E-D curves) at every step of the design process. Finally, ViPro
helps automate the schematic and layout generation for any technology.

In this dissertation, a framework has been laid down based on which TASE and ViPro

can grow to become more useful, powerful tools for SRAM design. However, there is
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tremendous potential for these tools to grow and become even more useful and practical.

Fig. 6.16 depicts the current contributions and potential new additions to TASE and ViPro.

(a) Future Work
Grouping/
tagging
templates per Current Work
project Simulation Templates
Per Technology Exec. file
Per project
Exec. file
(b) Future Work
External Optimizer/Better PyCell-based
Optimization techniques Automated Layout
Current Work
E-D Characterization
SRAM model
Schematic Generation
Tool framework/flow
Brute-force optimization
Support Other )
Architectures Area & Y.'eld
Calculation

Figure 6.16: Current state of the work and potential future enhancements for (a) TASE (b)
ViPro.
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Conclusion

7.1 Summary of Contributions

To deal with the problem of increasing power consumption in SoC systems, embedded
SRAMSs need to operate at a lower voltage. Since voltage scaling reduces the functional
yield of the SRAM, there is a minimum acceptable voltage to which the supply votlage can
be scaled (Vyn). Lowering the Vyn can help increase power savings while still main-
taining acceptable levels of yield. In this dissertation, we have looked at alternative bitcells
to lower VN and a methodology to estimate it in a dynamic way. We have also presented
productivity-enhancing SRAM design automation tools that help speed up exploring the

growing SRAM design space.

7.1.1 Alternative Bitcells

1. A new 5T bitcell has been presented that uses asymmetric sizing of the cross-coupled

inverters to improve RSNM.
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2. Apart from improving RSNM, asymmetric sizing as a knob to trade-off critical met-
rics such as performance, leakage, and area has been demonstrated.

3. A detailed comparison between iso-area conventional 6T and a number of 5T bitcells
with different asymmetric sizing approaches, in terms of stability, performance, and
leakage has been done.

4. An analysis of the potential area savings when using the 5T has been presented.

5. The 5T has been compared with another popular alternative bitcell, the 8T, and is po-
tentially and intermediate alternative between the 6T and the 8T in terms of stability
and performance.

6. A 45 nm bulk CMOS testchip in a commercial technology has demonstrated a work-
ing 5T SRAM. The test chip also demonstrates the impact of asymmetrical sizing on
bitcell writability.

7. An asymmetric 6T bitcell that remedies the drawbacks of the 5T in terms of writabil-
ity has been presented.

8. A pseudo-differential sensing scheme has been demonstrated for use with single-
ended bitcells such as the 5T and the asymmetric 6T.

9. A sub-45nm CMOS testchip has been fabricated to demonstrate the asymmetric 6T

and single-ended sensing schemes.

7.1.2 Dynamic Write Limited Vyy

1. The critical WL pulse width (Twy,_cgrrr) has been presented as a measure of dynamic
writability for SRAM.

2. The concepts of dynamic write noise margin and DWVyy, the dynamic write-
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limited Vyn have been introduced.

3. Four factors that affect the Twy,_crir and DWVyn of an array have been investi-
gated. Factors such as these cause the actual Vyn of the SRAM to be different from
that predicted by static noise margin metrics.

4. The impact of write assists on the DWV);n has been demonstrated. As expected,
write assists lower the DWWV n. Further, the assist methods that were predicted to
be the most effective in improving the static write metrics also proved to be the most

effective in lowering the DWV x.

7.1.3 SRAM Design Automation

1. A Technology Agnostic Simulation Environment (TASE) tool has been presented
that enables easy porting of groups of simulations across technologies and forecast-
ing circuit or device behavior in future techonlogies.

2. A Virtual Prototyping tool (ViPro) has been presented that enables rapid design space
exploration and generation of optimal base-case SRAM prototypes in a new technol-
ogy.

3. A virtual-prototype-based, semi-automated, iterative design methodology that in-
volves the designer and leverages his expertise has been presented. ViPro produces
outputs such as trade-off curves and FoM breakdown information that the designer
can use to make critical design decisions even early in the design cycle.

4. A simple, simulation-based SRAM model has been presented and verified. This
model forms the basis for the optimization and trade-off curve generation in ViPro.

5. Technology-agnostic schematic and layout generators based on Cadence’s SKILL
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language have been developed. While the schematic generator is fully automated
and generates the SRAM schematic from ground up, the layout generator is semi-
automated and requires manual layout of the sub-components of the SRAM.

6. A usage example has been presented that shows how ViPro can generate a work-
ing SRAM in a brand-new technology, starting from characterization of the sub-
components, finding the optimal design parameters, and generating full schematic
and layout of the SRAM.

7. Usage examples that demonstrate how ViPro helps re-optimize the design when com-

ponent circuits or process technology changes have been presented.

7.2 Future Work

There are several additional research directions that extend the work presented in this
dissertation. In particular, several new directions can be envisioned in the area of alter-
native bitcells and SRAM design automation. We describe the possible extensions to this

dissertation in the following sub-sections.

7.2.1 Alternative Bitcells

1. The alternative bitcells proposed in this dissertation also need to be compared to state
of the art bitcells such as the 6T and the 8T in terms of non-circuit aspects such as
manufacturability and ligthography.

2. While we have performed extensive, bitcell-based comparisons, and a few column-

level comparisons for performance, a full array-level comparison in terms of area,
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power, performance, and yield is needed before the alternative bitcells proposed can
truly be considered as replacements for the 6T or the 8T bitcells.

3. A more effective method of improving the write margin for the 5T can be explored.
Such a method would retain the area benefit of the ST and not sacrifice some of the
improvements in cell stability, as is the case with the asymmetric 6T.

4. Measurements from the test chip taped out to demonstrate the asymmetric 6T bitcell
and the pseudo-differential sensing would make this research more impactful. In
particular, comparing the Vy;n of the asymmetric and the conventional 6T arrays
would corroborate the expectation of lower Vyn due to the improved noise margins.

5. Alternative power supplies were brought from off chip for the 45 nm 5T SRAM.

Methods to generate these voltages on-chip can be explored.

7.2.2 Dynamic Writability

1. Since dynamic metrics are more difficult and take longer to measure, it is important
to be able to predict the dynamic Vyn using the static metrics alone. Thus, we can
extend this work to determine and model a relationship between dynamic and static
stability metrics.

2. Further investigation of factors affecting dynamic stability alone can be done. While
we have looked at some of them, such as bitcell parasitics or the number of cy-
cles prior to the first read, there are other factors such as the slew rate of the WL
pulse, resistance of the vias in the bitcell etc. that could potentially impact dynamic
writability as well. The better these factors are understood, the more accurately we

can predict the dynamic Vyn from the static metrics.
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3. Another useful extension would be to model the Ty, crrr distribution for a given
voltage. This would help analytically predict failure probabilities without running
expensive simulations, which can in turn help predict the DWVyx by finding the
voltage at which the failure probability is below a certain threshold.

4. We have only looked at dynamic writability in this dissertation. While this is helpful
in determining the Vy;n for write-limited memories, to determine the true Vyn
for any memory, we also need to look at dynamic read stability. While this has
been explored by researchers, the concept of a read-limited VN has not yet been

developed.

7.2.3 SRAM Design Automation

1. Even more design knobs can be included in the optimization, which would make
ViPro even more useful.

2. A more powerful optimization methodology can be selected to replace the exisiting
brute-force search that has been used for the demonstrations in this dissertation. This
would certainly be needed if more knobs are included and the brute-force search is
no longer viable.

3. Currently, ViPro addresses only small memories (<1MB), and the architecture is a
fixed, single-macro type. Figuring out how to expand the optimization to include the
architecture and techniques such as ECC is needed to make the tool really useful for
industry purposes.

4. Another enhancement can be at the bitcell generation level. Currently the bitcell

generator only makes circuit considerations like SNM, Iggap etc., but without de-
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vice/lithographic considerations it is hard to claim that the bitcell design is optimal.
ViPro would be more attractive to industry users if the bitcell design automation was
more complete and encompasses circuit and process considerations.

5. The layout generator module can be made completely automatic by using PyCell
based generation of the leaf nodes of the SRAM.

6. The ideas in ViPro can be extended one level above in the design hierarchy. Instead
of an SRAM, we have a system, and instead of decoders, SAs etc., we have SRAMs,
Arithmetic units etc. The same kind of characterization-optimization-compilation

flow used in ViPro could be extended to a system level tool as well.

7.3 Conclusion

Despite increasing variation, leakage, reliability issues, and a slew of other growing
problems, CMOS technology has continued to scale way beyond the 45 nm node. This has
been made possible by a combination of innovations at every level of design abstraction,
ranging from new process and manufacturing improvements to new circuits and architec-
tures to new design methodologies. SRAM has been and continues to be a technology
driver and qualification vehicle for every new technology node and comprises a large area
of most ICs. Thus, CMOS technology scaling is intimately linked with the ability to scale
SRAM.

SRAM scaling faces even more challenges than logic design scaling due to the greater
impact of variation on SRAM design, on account of the smaller bitcell geometry. While
simple circuit improvements or process/manufacturing improvements alone were sufficient

in older technologies to overcome these challenges, it is now becoming increasingly nec-
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essary to combine innovations at multiple levels of design abstraction. The move towards
high-K/metal gate or Silicon-on-Insulator, with the simulataneous application of voltage
bias based read and write assist techniques or utilization of alternative bitcell structures is a
prime example. Further, the explosion of the design space due to new techniques to combat
scaling challenges has resulted in a productivity crisis.

In this thesis, we have started with presenting some circuit level solutions in the form
of alternative 5T and asymmetric 6T bitcells to tackle the challenges facing SRAM scal-
ing. We have also presented a methodology to determine the Vy;n of the SRAM more
accurately using dynamic stability. Most importantly, we have presented productivity-
enhancing CAD solutions in the form of ViPro and TASE that can facilitate co-design

between process, circuit, and architecture by rapid generation of optimal SRAM proto-

types.
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